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Abstract 
I investigated the relationship between landuse and the diet and growth of the 
fresh-water crayfish Paranephrops zealandicus in the Taieri River catchment, 
South Island, New Zealand. The thesis presents a detailed dietary and growth 
analysis of P. zealandicus from native bush and pastoral streams. The use of two 
different methods to assess the crayfish diet gives greater insight into the relative 
importance of and utilisation of various food items. The marking method 
presented in this thesis allows for identification of individual crayfish for their 
lifetime overcoming the problem associated with growth studies in species that 
retain no annuli. 
Stomach content analysis was used to determine food items important to P. 
zealandicus and assess the influence of land-use, season and size class on the diet. 
1. Allochthonous detritus was the main food item and proportionatey 
more was ingested in pastoral streams and less in native bush streams 
in every season except autumn. 
2. An ontogenetic shift in diet was observed with larger crayfish 
consuming greater amounts of allochthonous detritus than medium or 
smaller size classed individuals. 
3. Aquatic invertebrates were the second most commonly ingested food 
item but on average made up less than 4% of the total stomach 
volume. 
4. P. zealandicus ingested a wide range of invertebrates with 
Deleatidium (Ephemeroptera: Leptophlebiidae), Potamopyrgus 
(Prosobranchia: Hydrobiidae) and non-biting midges (Diptera: 
Chironomidae) the most commonly ingested invertebrate species. 
5. P. zealandicus from native bush streams contained more aquatic 
invertebrates in their stomachs than those from pastoral streams 
(average 1.4 and 0.9 respectively). 
6. Moss, diatoms and terrestrial invertebrates made up little of the 
volume of P. zealandicus stomach contents; only one diatom and no 
algae was found in P. zealandicus stomachs. 
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Stable isotopes of carbon (ratio of 12C to 13C) and nitrogen (ratio of 14N to 15N) 
were used to investigate the energy utilisation of P. zealandicus in streams with 
native bush or pastoral catchments. 
1. Epilithon and aquatic invertebrates were identified as important to 
the diet of P. zealandicus from pastoral streams, whilst aquatic 
invertebrates were more important to native bush stream crayfish. 
2. Crayfish from all streams had isotopic values consistent with an 
omnivorous nature. 
3 Little evidence for an ontogenetic shift in diet was found. 
4. Allochthonous detritus and moss were identified as of little 
importance as an energy source for P. zealandicus. 
5. The results suggest that there was an important 13C depleted food 
source in both stream types that was not identified by this study. 
Annual growth rates were measured and compared for P. zealandicus occupying 
streams in native bush or pastoral catchments. 
1. Large P. zealandicus (>30mm orbital carapace length) grew faster in 
native bush and slower in the pastoral streams. 
2. In general crayfish were larger in native bush streams, and there 
were greater numbers of small crayfish in pastoral streams. 
3. No difference was found in the number of annual degree-days, 
however, the number of degree days >l0°C was significantly higher in 
pastoral streams. 
4. Native bush streams had higher pH, alkalinity and calcium levels. 
5. The different combination of abiotic factors present in the two 
categories of streams appear to produce similar rates of growth for 
smaller P. zealandicus. 
6. The combination of alkalinity and calcium concentrations appear to 
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Paired stores of calcium-carbonate, found in the 
proventriculus which are used in the reformation of the 
exoskeleton after a moult. 
Flowing waters, such as streams. 
Still water, such as ponds and lakes. 
The shedding of an exoskeleton during growth events. 
A change in diet correlated with increasing size or age. 
The pyloric and cardiac limbs of the stomach. 
The area immediately adjacent to a body of water. 
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1.1 Effects of Land Use on Streams 
The fact that the landscape has far reaching effects on stream communities has 
been recognised for over 40 years (Schlosser 1991). Changes to landscapes and 
land-use practices can effect stream ecosystems far removed from the immediate 
area (Minshall et al. 1983, Richards et al. 1996) as headwater streams are linked to 
downstream communities through the transport of nutrients and organic matter 
(Webster & Patten 1979, Vannote & Sweeney 1980). At a local scale changes in 
land use can have significant effects on macroinvertebrate assemblages by 
altering stream habitat (Richards & Host 1994). Since human colonisation, two-
thirds of New Zealand's native forest has been cleared for agricultural and 
forestry development (Pullar & McLeod 1992). Over half of this clearance has 
occurred in the last one hundred and fifty years (Pullar & McLeod 1992). 
Agricultural and forestry practices are thought to be the main threat to the 
degradation of New Zealand's inland waters (Smith et al. 1993) and currently 
over fifty percent of New Zealand's land mass is used for agricultural purposes 
(Evans 1995). Agriculture has been associated with lower water quality (McColl 
1983, Bird & Kaushik 1992, Johnson & Covich 1997) and modified temperature 
regimes (Weatherby & Ormerod 1990, Bird & Kaushik 1992, Quinn et al. 1992) 
which may render the stream habitat unsuitable or less attractive to stream biota. 
The influences of land modification may adversely alter stream ecosystems and 
their associated communities (Webster & Patten 1979, Weatherby & Ormerod 
1990, Quinn et al. 1992, Allan et al. 1997). Harding & Winterbourn (1995) found 
that mayflies (order Ephemeroptera) and stoneflies (order Plecoptera) were less 
abundant or absent in pastoral streams compared with native bush or pine 
forests. Bird & Kaushik (1992) observed changes in food-web structure in an 
agricultural reach compared to a forested reach in an American stream. Boulton 
et al. (1997) found lower invertebrate diversity and abundance in the hyporheic 
community of pastoral streams compared to native forest streams. Jansma (1995) 
reported that crayfish (Paranephrops zealandicus) distribution was negatively 
associated with stock grazing and positively associated with intact native 
vegetation (native bush and tussock). Numerous studies have shown that 
agricultural practices lead to increased sediment loads in streams (McColl 1983, 
Ryan 1991, Quinn et al. 1992, Winterbourn & Ryan 1996, Allan et al. 1997), which 
may alter the availability of crayfish food resources and reduce the uptake of 
oxygen in crayfish gills (Hogger 1988). 
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Most land modification occurs with little understanding of how changes in the 
terrestrial environment affect stream ecosystems (Schlosser 1991). However, 
there is an increasing awareness that human activity can be responsible for the 
degradation of streams (Webster & Patten 1979, Quinn et al. 1992, Richards et al. 
1996, Winterbourn & Ryan 1996) and researchers advocate a catchment level 
approach when studying stream ecosystems (Townsend 1996, Allan et al. 1997). 
1.2 Significance of the Riparian Zone 
Hynes (1975) was one of the first to identify the importance of the riparian zone 
as the interface between the landscape and the aquatic environment. The strong 
influence that the riparian zone exerts on streams includes chemical, energetic 
and physical factors that often have biological implications for stream 
communities (Ormerod et al. 1993). Different land-use regimes have different 
patterns of linkage between the terrestrial and aquatic environment. For 
example, in small forested streams allochthonous detritus from riparian canopy 
species has been shown to be the primary energy source (Ryan 1991, Johnson et al. 
1997, Suberkropp 1997). In contrast, in open pastoral streams allochthonous 
material is less important and autochthonous production is usually the main 
energy source (Gregory et al. 1991, Schlosser 1991), although Hicks (1997) found 
that food webs in agricultural streams were based on a mixture of allochthonous 
and autochthonous sources. 
Any reduction in riparian vegetation can be expected to reduce terrestrial to 
aquatic detritus transfers, increase autochthonous production and thereby alter 
aquatic food chains (Gregory et al. 1991, Bird & Kaushik 1992). Terrestrial plant 
species soften (decompose) at different rates in streams (Egglishaw 1968) and 
allochthonous material may take longer to soften in agricultural streams due to a 
lack of invertebrate shredders (Benfield et al. 1977, Young 1992). While the 
allochthonous detrital material from riparian plants is important as a food 
source, the same plants can reduce light energy and water temperature (Quinn et 
al. 1992). These factors are important to stream invertebrates as lower water 
temperature may increase the energy required for metabolism, thereby reducing 
the energy available for reproduction and growth (Vannote & Sweeney 1980, 
Brewis & Bowler 1983, Lowery 1988, Steinman et al. 1989). In open streams, the 
associated elevated water temperatures can cause a change in invertebrate species 
composition and may lead to high mortality in some invertebrate species (Quinn 
et al. 1992). Thus, different patterns of allochthonous input from contrasting 
riparian vegetation types, and altered interactions with physical and chemical 
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conditions in streams with and without riparian shade can be expected to exert a 
strong influence on ecosystem dynamics in streams (Benfield et al. 1977, Bird & 
Kaushik 1992, Quinn et al. 1992). 
1.3 The Role of Crayfish in Stream Communities 
Freshwater crayfish (Decapoda: Parastacidae) have been described as community 
dominants (Whitmore 1997) (i.e. a species with community influence 
proportional to its large biomass, Power et al. 1996) and as keystone species (Creed 
1994, Momot 1995, Collier et al. 1997) (i.e. a species with a community influence 
far greater than its biomass, Power et al. 1996). Crayfish can dominate 
macroinvertebrate biomass in temperate freshwater streams (Huryn & Wallace 
1987). Their large biomass coupled with omnivorous feeding habits means that 
crayfish can be major conduits in the flux of energy between trophic levels 
(Momot & Gowing 1978). Crayfish play important indirect roles by converting 
allochthonous detritus to fine particles which can then be utilised by invertebrate 
collector-gatherers (Huryn & Wallace 1987) and by reducing sediment 
accumulation (Parkyn et al. 1997, Whitmore 1997). Crayfish may also modify 
their habitat by reducing the abundance of macrophytes (Chambers et al. 1990) 
and the associated macroinvertebrate fauna (Hanson et al. 1990). Therefore, any 
change in the riparian land use which alters crayfish population density and 
distribution could significantly alter the dynamics of the stream community. 
1.4 New Zealand Crayfish Species 
New Zealand has two endemic species of freshwater crayfish, commonly known 
by their Maori name "Koura". P. zealandicus inhabits the eastern side of the 
Southern Alps in the South Island, from North Canterbury to Southland, and 
Stewart Island. Paranephrops planifrons ranges from west of the Southern Alps 
and Marlborough in the South Island, and throughout the North Island 
(Hopkins 1970). The genus possibly separated in the Pliocene (Hopkins 1970) 
before the Southern Alps-Kaikoura Ranges attained their present configuration 
(Fleming 1962). However, preliminary genetic research suggests that P. 
planifrons from the North and South Island may be better described as two 
species (Marshall & Wilson 1997). Paranephrops species are commonly found in 
lenthic and lotic systems from sea level to sub-alpine regions (Carpenter 1977). 
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1.5 Predatory Threats to Crayfish 
Older members of our community often comment on the ease of catching 
buckets full of freshwater crayfish when they were children. Today their 
discussions centre on "Where have the crayfish gone?". In support of such 
concerns, there are gaps in the distribution of P. zealandicus in East Otago and 
there is some evidence that the species may be in decline (Shave et al. 1994, 
Jansma 1995). 
Introduced species such as brown and rainbow trout (Salmo trutta and 
Onchorhynchus mykiss) may have played a role in the decline of crayfish. Trout 
predate Paranephrops species (McDowell 1990) and crayfish exhibit anti-predator 
behaviour in the presence of brown trout (Shave 1991). Archey (1915) thought 
that it was only a matter of time before crayfish populations were restricted to 
areas where trout were unable to gain access. In support of this, flourishing 
populations of P. zealandicus are often found above waterfalls in the Taieri 
catchment where trout species are unable to reach (Chris Arbuckle pers. comm.). 
However, to date there is only anecdotal evidence that P. zealandicus populations 
are adversely affected by introduced predators. Native eels (Whitmore 1997) and 
shags (Scott & Duncan 1967) are natural predators of Paranephrops species. 
1.6 Exploitation of Paranephrops 
Freshwater crayfish were an important part of the traditional Maori diet and a 
form of aquaculture was undertaken when harvesting freshwater crayfish 
(Bennet 1997). Measures taken to ensure a sustainable resource included "tapu" 
(total ban) on harvest of berried females (those carrying eggs or young), the 
making of refuges in banks, and "rahui" (a temporary ban from harvest) at 
certain times of the year (Jim Williams pers. comm.). Crayfish are harvested by 
recreational fishers today and there is considerable interest in the potential for 
aquaculture of Paranephrops species (Alan Frazer pers. comm.). 
1.7 Previous Paranephrops Research 
Previous research on Paranephrops species m lentic systems has focused on 
aquaculture potential (Jones 1981a, 1985a & b), community structure (Devich 
1974, 1979, Coffey & Clayton 1988, Musgrove 1988a), digestive ability (Musgrove 
1988b) and systematics (Hopkins 1970). Laboratory based studies have included 
aspects such as reproduction (Hopkins 1967b), anti-predatory behaviour (Shave et 
Chapter 1: General Introduction 1.6 
al. 1994) and circadian rhythms (Quilter 1976). Lotic studies on Paranephrops 
have focused on growth (Hopkins 1967a), distribution (Jansma 1995, Arbuckle et 
al. in prep.), population ecology (Whitmore 1997) and the role of Paranephrops 
species as a keystone species (Collier et al. 1997). There is relatively little 
information available on the diet and growth rates of crayfish in New Zealand 
streams. Previous research on the effects of land use has been limited to that of 
Jansma (1995), who noted a negative correlation between crayfish abundance and 
agricultural practices but was unable to determine the underlying cause. If 
agricultural practices are negatively impacting on the success of freshwater 
crayfish in New Zealand streams, then differences in crayfish diet and rate of 
growth may be involved. 
1.8 Objectives 
The objectives of this research were to investigate how land-use regimes affect (i) 
freshwater crayfish diet on a seasonal and size class basis and (ii) growth rate of 
crayfish. 
I hypothesised that crayfish diet would differ between streams (native bush and 
pastoral) and size classes. Crayfish from native bush streams would have a larger 
proportion of allochthonous detrital material in their stomachs, reflecting the 
dense over-hanging nature of the riparian vegetation at these sites. In contrast, 
crayfish from pastoral sites may be expected to contain a greater proportion of 
autochthonous material in their stomachs due to the higher light levels available 
for algal growth. Smaller crayfish from both stream types were hypothesised to 
contain a greater proportion of invertebrate material in their stomachs since 
larger crayfish have previously been found to be less able to access the habitat that 
invertebrate prey use as refugia (Momot 1995, Whitmore 1997). 
To test these hypotheses, Chapter 2 provides a detailed description of the diet of P. 
zealandicus by investigating the proventriculus contents of crayfish from 
different seasons, size classes and land-use regimes. Chapter 3 uses stable isotope 
analysis to determine the importance of various food items to the energy base of 
crayfish. 
The open unshaded nature of pastoral streams was expected to be reflected in 
higher temperatures compared to shaded native bush streams. As growth of 
crayfish is dependent on temperature (Merrick 1993, Lodge & Hill 1994), P. 
zealandicus in pastoral streams were expected to exhibit faster growth rates. This 
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hypothesis was tested in Chapter Four, which compares annual growth rates of 
crayfish in streams from the two land-use categories. 
The results of this study may be expected to highlight habitat variables important 
to the conservation of crayfish in Otago streams. This thesis has been written as a 
series of individual papers, and because of this the reader may notice some 
overlap in the information presented. Each of the chapters will commence with 
a review of the relevant literature relating to the topic in hand. 
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Chapter Two 
Diet of Paranephrops zealandicus in native bush 
and pastoral streams: analysis of stomach 
contents 
Abstract 
Three hundred and fifty-six Paranephrops zealandicus were captured from three 
pastoral and three native bush streams for dietary comparison. Allochthonous 
detritus was present in the stomachs in greater proportions in pastoral streams in 
every season except autumn and was the main dietary component for crayfish 
from both native bush and pastoral streams. There was a trend of a greater 
percentage of allochthonous detritus eaten by larger crayfish and less by smaller 
crayfish. Aquatic invertebrate species were the second largest food item by 
volume found in crayfish stomachs, but on average contributed less than 4% of 
the total volume of food. Deleatidium (Ephemeroptera: Leptophlebiidae), 
Potamopyrgus (Prosobranchia: Hydrobiidae) and non-biting midges (Diptera: 
Chironomidae) were the most common prey species. P. zealandicus from native 
bush streams ingested significantly more Potamopyrgus than those from pastoral 
streams. There was an average of 1.4 whole invertebrates ingested per crayfish in 
the native bush streams and 0.9 in the pastoral streams. Little inorganic material 
or moss were ingested and no cases of cannibalism found. 
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2.1 Introduction 
The main energy source for primary consumers in pastoral streams is believed to 
be autochthonous material, as there is more light available for primary 
production and lower inputs of allochthonous material than in forested streams 
(Minshall 1978, Hicks 1997). For example, in the Deschutes River (Washington 
State, U.S.A) autochthonous production was estimated to be between 50 and 70% 
greater in open streams than forested streams and annual allochthonous inputs 
were five times higher in forested streams (Bilby & Bisson 1992). In forested 
streams allochthonous material is generally the main energy source (Hicks 1997, 
Suberkropp 1997). 
The performance of crayfish and their feeding preferences can be expected to be 
affected not only by the quantities of available food resources but also by the 
quality of that food. These attributes may be influenced in part by stream physico-
chemical factors. For example, while riparian vegetation supplies large quantities 
of allochthonous organic matter to forested streams, it may also decrease light 
energy and water temperature (Quinn et al. 1992). Lower stream water 
temperatures reduce the rate of microbial conditioning of allochthonous material 
(Suberkropp 1997) while crayfish assimilation efficiencies can be higher at lower 
temperatures (Musgrove 1988b). Stream pH is another factor that may influence 
food quality. At low pH levels there is significantly less bacterial production and 
microbial respiration on leaf matter (Egglishaw 1968, Palumbo et al. 1987, 
Thompson & Barlocher 1989). Therefore, pH may be an important determinant 
of the quality of food resources as crayfish require microbial conditioning to 
digest the cellulose content of detrital material (Musgrove 1988a). 
Freshwater crayfish have been described as opportunist omnivores which fail to 
fit neatly into the concept of functional feeding groups (Whitledge & Rabeni 
1997). They often account for a substantial percentage of invertebrate biomass in 
lotic systems (Huryn & Wallace 1987, Rabeni 1992, Momot 1995) and may have a 
strong impact on the functioning of stream ecosystems (Whitledge 1996). Early 
studies recognised their polytrophic feeding habits and classified them as 
scavengers. This view originated in part from dietary descriptions such as "few 
things in the way of food are amiss to the crayfish; living or dead, fresh or 
carrion, animal or vegetable, it is all one" (Huxley 1884). Later work modified 
this view by describing crayfish as herbivores or detritivores (Lorman & 
Magnuson 1978, Huryn & Wallace 1987). More recently Momot (1995) questioned 
this classification and suggested that crayfish would be better described as 
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carnivores due to their predilection for animal protein. Crayfish may be best 
assigned as unspecialised omnivores, given the number of feeding habits they 
exhibit and the range of food items they consume (Holdich & Reeve 1988, 
Merrick 1993, Whitmore 1997). Ontogenetic shifts in diet have been reported for 
many crayfish species, with small animals eating greater amounts of aquatic 
invertebrates and including a lower proportion of allochthonous material in 
their diet than large animals (Reynolds 1979, Austropotamobius pallipes; 
Whitledge & Rabeni 1997, Orconectes luteus). This is now thought to reflect a 
reduced ability of large crayfish (due to their greater body size) to catch 
invertebrates rather than an ontogenetic shift in dietary preference (Goddard 
1988, Momot 1995). 
The classification of crayfish into a functional feeding group by traditional 
stomach content analysis methods is problematic due to the different digestion 
rates of ingested material (Hyslop 1980). For example the remains of soft bodied 
organisms are underestimated in stomach analysis, as they are assimilated 
quickly. This leads to a bias in favour of material that is more resistant to 
digestion, such as allochthonous detritus and exoskeletons (Momot 1995, 
Whitledge 1996, Whitledge & Rabeni 1997). Stomach content analysis is also 
unable to determine which food items are assimilated into body tissue. This 
information can be determined by stable isotope analysis (Rounick et al. 1982 and 
see Chapter 3). It is widely reported that no one method of dietary analysis will 
adequately describe the diet of crayfish (Hynes 1975, Whitledge 1996, Whitledge & 
Rabeni 1997). However, by consistently using the same methods it is possible to 
compare crayfish diet from streams within pastoral or native bush catchments 
and with past studies using this method. 
Whitmore (1997) identified terrestrial plant detritus as the predominant food 
item (by volume) in the stomachs of P. zealandicus in the Taieri catchment. He 
found a trend of more terrestrial detritus in the stomachs of larger crayfish, 
suggesting an ontogenetic shift may occur in this species. However, his study did 
not distinguish between pastoral and native bush streams. The aim of this 
chapter was to compare the diet of P. zealandicus in three pastoral and three 
native bush streams with respect to the different land-use practices in the 
different catchments. Dietary differences between various size classes of crayfish 
and among seasons were investigated to determine important dietary 
components. I predicted that the diet of P. zealandicus from the native bush 
streams would contain larger amounts of allochthonous material compared to 
pastoral streams. In addition I expected differences in diet between different size 
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classes of crayfish. Larger P. zealandicus were hypothesised to have lesser 
amounts of aquatic invertebrates in their stomachs than smaller crayfish. 
2.2 Methods 
2.2.1 Study Sites 
All streams in this study are located in the drainage basin of the Taieri River in 
the South Island of New Zealand (Figure 2.1). The geology of the Taieri drainage 
area is predominantly Haast Schist with some quartz and basalt mounts 
occurring in the upper reaches of the native bush streams (Watt & Leslie 1968; 
Edwards 1995). This region has a cool temperate climate and annual rainfall of 
600 to 1000 mm (Otago Catchment Board 1983). Study streams were chosen to 
have catchments of similar size within native bush or pastoral land use. Three 
streams of each type were sampled. Each study site consisted of a section of 
stream containing a series of pools and riffles which ranged from 240 to 380m 
long. 
MacRae's Creek (NZMR 260 098861), North Col Creek (NZMR 260 117898) and 
Powder Creek (NZMR 260 097867) are in native bush catchments and are 
tributaries of Silverstream (Figures 2.5-2.7). The Silverstream area is a designated 
scenic reserve and the water catchment area of Dunedin City. The stream banks 
are stable and well vegetated with little erosion (Watt & Leslie 1968). The stream 
bed has large boulders and coarse gravel with finer particles accumulating in 
pools and backwaters. Native bush streams in this area are characterised by a 
rapid rise in response to rainfall but are slow to abate (Watt & Leslie 1968). 
Native plant species found along the riparian margins include broadleaf 
(Griselinia littoralis), beech (Nothofagus species) and Coprosma species. Riparian 
vegetation provides shade and large amounts of allochthonous material which 
accumulates in these streams. These streams have three large predatory species 
present, namely brown trout (Salmo trutta), eels (Anguilla dieffenbachii) and 
shags (Phalacrocorax species). 
Canton Creek (NZMR 260 721905), Crayfish Creek (NZMR 260 851830) and 
Traquair Burn (NZMR 260 866825) (Figures 2.2-2.4) are unshaded streams within 
pastoral catchments. The riffle sections are predominantly solid Haast schist, 
while sand, gravel and cobbles occur in the pool sections. These streams respond 
rapidly to rainfall but discharge recedes more quickly than in the native bush 
streams (pers. obs.). The dominant plant species in the riparian margins are 






































Figure 2.1: Location of the field sites in relation to Dunedin, South Island, New 
Zealand. 
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tussock (Chionochloa), clover (Trifolium), cocksfoot (Dactylis glomerata) and 
Yorkshire fog (Holcus lanatus). Gorse (Ulex europaeus) and spaniard grass 
(Aciphylla species) occur occasionally. Stream banks are generally well vegetated 
but can be prone to erosion, with slumps and crumbling banks occurring along 
some sections. This erosion may be partly attributable to the presence of sheep 
and cattle grazing on the stream banks. There are no brown trout, eels or shags 
present at these sites. Canton Creek contains one resident species of native non-
migratory galaxiid fish, Galaxias eldoni (McDowell 1997). 
2.2.2 Sampling 
October 1996 and January, April and August 1997 were chosen to be 
representative of spring, summer, autumn and winter respectively. Collection of 
crayfish commenced one hour after darkness on each sampling occasion. An 
electric fishing machine (EFM) and a downstream net stretched across the stream 
were used to catch crayfish in each of the three pastoral streams. The native bush 
streams were not sampled using an EFM as it was not possible to obtain 
reasonable numbers of crayfish using this method. This may have been due to 
the complex habitat and unfavourable water conductivity. Instead spotlights and 
dip nets were used. Orbital carapace length (OCL) of crayfish were measured with 
vernier calipers from the rear of the orbital socket to the middle of the posterior 
edge of the carapace (Figure 2.8). Where possible five crayfish in each of three 
assigned size classes (0-19.9mm, 20-29.9mm and 30+mm OCL) were collected 
from each stream on each sampling occasion. These size classes were chosen to 
represent small, medium and large crayfish. I attempted to collect crayfish in the 
mid-range of each size class. The ratio of male and female P. zealandicus 
sampled from each stream was approximately 1:1 although some variation did 
occur (Canton Creek 24 male/34 female, Crayfish Creek 30/30, Traquair Burn 
37/23, MacRae's Creek 30/30, North Col Creek 32/28 and Powder Creek 28/30). 
Sex may be an important factor in food selection, however, the distinction 
between sexes has rarely been made in crayfish dietary studies (e.g. Growns & 
Richardson 1988, Ilheu & Bernardo 1993, Whitledge 1996, Whitmore 1997, 
Whitledge & Rabeni 1997). In this study sex was not taken into account due to 
the difficulty of catching enough crayfish (of any sex) in any specific size classes, 
particularly in winter. 
Crayfish with the Thelohania parasite, those with missing chelipeds or perepods, 
females in reproductive condition and moulting crayfish were not considered for 
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Figure 2.4: Traquair Burn 
Figure 2.5: MacRaes Creek 
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Figure 2.6: North Col Creek 
Figure 2.7: Powder Creek 
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OCL 
Figure 2.8: Crayfish drawing showing the focal points for the orbital carapace 
length (OCL) measurement. Measurements taken from the rear of the orbital 
socket to the middle posterior edge of the carapace. 
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analysis as these factors may have influenced their dietary selection. After 
capture crayfish were placed on ice, transported to the vehicle and killed instantly 
with liquid nitrogen. Crayfish were placed in a freezer and kept frozen until 
dissection. They were thawed at room temperature until soft enough for the 
proventriculus (pyloric and cardiac stomach) to be extracted. 
2.2.3 Proventriculus Extraction 
Crayfish stomachs were removed, and the fullness was assessed visually as 0, 5, 
10, 25, 50, 75 or 100% prior to the stomach being split longitudinally and the 
contents sluiced into a petri dish. A pilot study undertaken in winter 1996 aided 
in standardisation of methodology and assessment of stomach fullness. The 
stomach contents were then passed through a 250)-tm sieve into a container. Each 
stomach content sample was preserved in a vial of 70% ethanol until further 
analysis. 
2.2.4 Stomach Contents 
The stomach contents of crayfish were placed in a petri dish and examined under 
a dissecting microscope at 40X magnification, and when necessary under a 
binocular microscope at 400X magnification. Nine categories for potential dietary 
items found in crayfish stomachs were identified, based on a stomach content 
analysis of P. zealandicus previously undertaken by Whitmore (1997) (Table 2.1). 
The percentage of the total stomach volume that each food category comprised 
was estimated using the points method described by Musgrove (1988b). For 
example a stomach may be 80% full, and contain 60% organic matter. If the 
organic percentage is 50% invertebrates, this would be assigned 50% of 60, or 30 
points. The invertebrate component would then be adjusted for stomach 
fullness, 80% of 30 points, totalling 24 points. A 5mm2 grid placed under the 
petri dish aided this process. 
All aquatic invertebrates (part or whole) were included in the aquatic 
invertebrate category for stomach volume analysis. However, only aquatic 
invertebrates which were determined to have been "predated" (swallowed whole 
or with tissue attached to the exoskeleton) were included in the taxonomic table 
of invertebrate species eaten by crayfish (Appendix 1). Aquatic invertebrates were 
identified to the highest taxonomic level possible, using the keys of Chapman & 
Lewis (1976) and Winterbourn & Gregson (1989). The identification of 
invertebrate parts was aided by a key of invertebrate species commonly found in 
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the Taieri catchment (Ross Thompson, unpublished data). 
invertebrates were identified to Class level. 
Table 2.1: Categories of items found in crayfish stomachs. 
Category 
1. Allochthonous plant detritus 
2. Allochthonous fresh plant material (shoots, leaves and roots) 
3. Terrestrial invertebrates (whole or exoskeleton) 
4. Moss 
5. Autochthonous fresh plant material (other than moss) 
6. Aquatic invertebrates (whole or exoskeleton attached) 
7. Crayfish 
8. Inorganic material 
9. Unidentified material 
2.12 
Terrestrial 
Allochthonous plant species were identified from venation pattern with the aid 
of prepared slides of species commonly found in the streams. Allochthonous 
plant species were separated into two categories based on whether the plant 
material was still green (fresh plant material) or brown (plant detritus) in 
colouration. The autochthonous plant species classification included any algae or 
diatom species found in crayfish stomachs. Moss was placed in a separate 
category. 
2.2.5 Statistical Analysis 
Differences in the percent volume of allochthonous detritus in crayfish stomachs 
were analysed by three way ANOV A (stream nested in land use type) as there was 
representation from all categories (season, size class and stream). No data 
transformation was necessary for allochthonous detritus as this portion of the 
data did not violate the assumptions of normality and homogeneity of variance 
(Sokal and Rohlf 1981). 
The percent volume data for aquatic invertebrates was highly skewed, due to a 
high proportion of zero scores, and was unable to be normalised by 
transformation methods (Sokal and Rohlf 1981). While non-parametric tests 
could have potentially been used to analyse this portion of the data they have 
associated problems. Specifically, non-parametric tests are only useful in 
analysing data with a fairly simple structure and increase the probability of a Type 
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II error (Sokal and Rohlf 1981). Therefore, I decided to apply a three way ANOVA 
(stream nested in land use type) to analyse the percent volume of aquatic 
invertebrates of P. zealandicus stomach contents. It should be noted that the 
results relating to this portion of the analysis should be treated with some 
caution as some of the assumptions of data normality and homogeneity of 
variance were violated (Sokal & Rohlf 1981). 
Multiple comparisons of means were analysed using Bonferroni post-hoc tests 
(with an experimental error of 0.05), carried out on the statistical package Data 
Desk 4 (Velleman 1992). 
Aquatic invertebrate species that were ingested whole and made up large 
proportions of the percent volume of the stomach contents were compared by 
season using a paired t-test, with a significance level of 0.05. Two genera, 
Potamopyrgus (Prosobranchia: Hydrobiidae) and Deleatidium (Ephemeroptera: 
Leptophlebiidae) were analysed for land-use differences in the crayfish diet. 
Moss, terrestrial invertebrates and P. zealandicus exoskeletons were found in 33, 
15 and 34 of the stomachs respectively, of the possible 356 crayfish sampled. Due 
to the low frequency of occurrence of these items and small percentage volume of 
stomach contents, these food categories are presented descriptively. Inorganic 
material (sand) occurred in 10 of the possible 72 categories, and is also presented 
descriptively. 
2.3 Results 
2.3.1 Allochthonous Detritus 
Allochthonous detritus was generally the major dietary item (by volume) found 
in the stomachs of P. zealandicus (Table 2.2). There was significantly more 
allochthonous detritus in P. zealandicus stomachs from pastoral streams than 
native bush streams (p=0.013) (Table 2.3). Volumes ranged from 4.6-58.3% points 
for native bush streams and 6.1-65.5% points for pastoral streams (Table 2.2). 
There were also significant seasonal and size class differences in the amount of 
allochthonous detritus in P. zealandicus stomachs (p<0.001) (Table 2.3). 
Generally, the volume of allochthonous detritus in the stomach contents 
increased with crayfish size over all seasons; however, the only significant 
differences were found between large and small P. zealandicus in winter 
(Bonferroni post-hoc test, p<0.001) (Figure 2.9A). More allochthonous detritus 
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was found in crayfish stomachs in autumn and winter and less in spring and 
summer from both native bush and pastoral streams (Bonferroni post-hoc test, 
p<0.001) (Figure 2.9B). There was a non-significant trend of more allochthonous 
detritus in the stomach contents of crayfish from pastoral streams compared with 
native bush streams in all seasons except autumn where the reverse pattern 
occurred (Figure 2.9B). 
Table 2.2: Allochthonous detritus as mean percentage points of P. zealandicus 
stomach contents for land use, season and size class. n=5 except for large sized 
crayfish from Canton Creek (Can) in winter and small sized crayfish from Powder 
Creek (Pow) in winter where n=3. 
Native bush streams 
Small Medium Large 
Stream Mac Nor Pow Mac Nor Pow Mac Nor Pow Mean 
Autumn 32.2 13.0 36.7 37.9 17.4 37.1 58.3 26.4 38.4 33.0 
Winter 14.3 5.1 11.9 30.0 18.2 29.9 54.5 11.6 53.3 25.0 
Spring 5.3 5.2 5.0 6.7 11.4 4.6 21.5 15.9 7.7 9.3 
Summer 19.6 7.2 8.4 14.7 12.6 8.5 9.0 5.1 10.1 10.6 
Mean 17.9 7.6 15.6 22.3 14.9 20.0 35.6 14.8 27.4 19.6 
Pastoral streams 
Small Medium Large 
Stream Can Cra Tra Can Cra Tra Can Cra Tra Mean 
Autumn 19.5 14.4 38.3 18.8 11.5 41.3 40.3 10.5 37.0 25.7 
Winter 28.0 21.0 28.6 31.4 36.6 19.6 37.3 65.5 37.8 34.0 
Spring 13.3 6.1 27.3 9.1 18.9 12.8 19.5 25.9 22.9 17.3 
Summer 9.2 11.4 9.6 9.6 25.7 14.2 34.7 13.9 24.1 16.9 
Mean 19.0 21.1 21.7 21.7 22.4 22.7 21.2 22.0 21.4 21.6 
2.4.3 Aquatic Invertebrates 
There was no significant difference in the total number of aquatic invertebrates 
consumed by crayfish with respect to land use, season or crayfish size class (Table 
2.4). Aquatic invertebrates, measured as whole individuals and as volume were 
present in all but two crayfish size categories; these were large crayfish from the 
pastoral Traquair Burn in summer and from the native bush stream MacRae's 
Creek in autumn (Table 2.5A & B). An average of 1.4 aquatic invertebrates were 
found in P. zealandicus stomachs from native bush streams compared to 0.9 in 
pastoral streams (Table 2.5A). The aquatic invertebrate species came from a wide 
range of taxa (Appendix 1). 
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The only snail found in crayfish stomachs was Potamopyrgus which generally 
was the most preyed upon invertebrate species in native bush and pastoral 
streams (Table 2.6). Significantly more individual Potamopyrgus were ingested 
by crayfish in native bush streams (paired t-test, t=l1.886, df=3, p=0.001) 
(Appendix 1). 
Table 2.3: Output for three-way ANOV A, with stream nested in land use, on 
percent points of allochthonous detritus found in P. zealandicus stomachs. 
Source df F- ratio p -value 
constant 1 774.060 < 0.0001 
land use 1 6.111 0.0130 
stream 4 4.143 0.0027 
season 3 33.604 0.0001 
size 2 24.062 <0.0001 
season *size 6 3.048 0.0065 
land use*season 3 5.704 0.0008 
land use*size 2 0.040 0.6670 
land use*season*size 6 1.597 0.1470 
error 325 
total 352 
Table 2.4: Output for three-way ANOVA (stream nested in land use) on total 
number of aquatic invertebrates occurring in P. zealandicus stomachs. 
source df F-ratio p-value 
constant 1 79.554 0.0009 
land use 1 0.7118 0.4463 
stream 4 0.8738 0.4873 
season 3 0.9742 0.4135 
size 2 1.8799 0.1647 
season*size 6 1.5028 0.1996 
land use*season 3 1.3932 0.2590 
land use*size 2 1.3932 0.2590 
land use*season*size 6 0.6193 0.7137 
error 44 
total 71 
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Figure 2.9: Percent points for allochthonous detritus found in the stomach 
contents of P. zealandicus for (A) season*size class and (B) season*land-use. 
Mean±95% confidence intervals given. Letters indicate significant differences (a 
is significantly greater than b, p<0.001). 
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No significant difference was detected in the percent points of Deleatidium 
ingested by P. zealandicus from different stream types (paired t-test, t=0.891, df=3, 
p=0.438). Diptera, mainly non-biting midges (Chironomidae), and 
Ephemeroptera (mainly Deleatidium) were also among the more common 
species preyed upon in native bush and pastoral streams (Table 2.6). In general 
Potamopyrgus were more prevalent in crayfish stomachs from native bush than 
pastoral streams but crayfish from pastoral streams contained larger numbers of 
Ephemeroptera (Table 2.6). Invertebrates consumed in spring were similar for 
both land-use types but pastoral stream crayfish contained more Trichoptera, 
Ephemeroptera and Diptera species and fewer Potamopyrgus and Coleoptera than 
native bush stream crayfish (Table 2.6). During summer, crayfish from pastoral 
streams consumed more Diptera and Plecoptera larvae but less Prosobranchia 
than those from native bush streams (Table 2.6). Temnocephala (Order 
Rhabdocoela) were found solely in the winter stomach samples from pastoral 
streams whilst in the native bush streams autumn was the only season in which 
Temnocephala did not occur in crayfish stomachs. 
Aquatic invertebrates were the second most abundant item overall by volume 
but on average made up less than 4% points (range 0-17.5% points; Table 2.5B). P. 
zealandicus from pastoral streams contained an average of 3.2% points (by 
volume) aquatic invertebrates compared to 2.2% points (by volume) of stomach 
contents in native bush streams (Table 2.5B). This difference neared significance 
(p=0.065) (Table 2.7). There was a significant difference in the percent points of 
aquatic invertebrates found in P. zealandicus stomachs seasonally (p<O.OOOl) and 
in the land use*season interaction (p=0.003) (Table 2.7). Significantly more 
aquatic invertebrates were eaten in winter, and fewer in autumn, spring and 
summer (Bonferroni post-hoc test, p=O.OOl) (Figure 2.10A). P. zealandicus from 
pastoral streams contained more aquatic invertebrates by volume in winter than 
in any other season from native bush or pastoral streams (Bonferroni post-hoc 
test, p<O.OOl) (Figure 2.10B). 
Crayfish exoskeleton fragments were found in the stomach contents, however, 
no fragments had crayfish tissue attached and therefore I could not determine if 
cannibalism was occurring in this study. There was no pattern in the occurrence 
of exoskeletons relating to land use; most occurred in winter least in spring 
(Table 2.9A-D). 
Table 2.5: (A) Mean number of whole aquatic invertebrates ingested and (B) aquatic invertebrates as mean percentage points 
in stomach contents of P. zealandicus. Categories represent the stomach contents of five P. zealandicus except for large sized 
crayfish from Canton Creek in winter and small sized crayfish from Powder Creek in winter when n=3. 
Native bush streams Pastoral streams 
A Small Medium Large Small Medium Large 
Mac Nor Pow Mac Nor Pow Mac Nor Pow Mean Can Cra Tra Can Cra Tra Can Cra Tra Mean 
Autumn 2.2 1.4 0.6 0.8 1.4 1.2 - 0.8 0.8 1.0 0.2 0.4 0.2 0.4 1.4 0.6 1.0 1.0 0.6 0.6 
Winter 0.6 0.2 1.3 0.6 1.8 2.4 1.8 0.2 1.6 1.1 1.0 0.4 0.8 1.8 1.6 1.4 0.8 3.0 1.4 1.4 
Spring 0.6 1.6 1.0 0.8 1.8 1.2 1.6 1.6 1.6 1.3 0.0 0.6 0.4 0.4 0.6 1.8 1.6 0.2 1.0 0.7 
Summer 1 1.6 2.6 2.4 2.6 2.2 1.4 0.6 3.2 2.0 1.2 0.4 0.2 0.2 2.0 1.6 0.6 0.4 - 0.7 
Mean 1.1 1.2 1.4 1.2 1.9 1.8 1.2 0.8 1.8 1.4 0.6 0.5 0.4 0.7 1.4 1.4 1.0 1.2 0.8 0.9 
Native bush streams Pastoral 
B Small Medium Large Small Medium Large 
Mac Nor Pow Mac Nor Pow Mac Nor Pow Mean Can Cra Tra Can Cra Tra Can Cra Tra Mean 
Autumn 1.8 4.8 1.4 1.4 2.1 1.8 - 0.1 1.7 1.7 0.2 0.5 1.8 0.2 4.7 0.8 1.8 0.2 1.7 1.3 
Winter 0.6 0.1 14.0 2.5 3.4 1.8 1.6 0.7 1.6 2.9 3.9 1.2 4.8 10.4 4.5 9.9 17.5 4.9 11.3 7.6 
~ing 3.2 5.5 1.0 1.2 3.1 2.5 0.8 5.2 0.1 2.5 0.4 3.1 3.5 0.4 2.8 8.2 1.4 0.2 0.4 2.3 
Summer 1.8 3.4 2.5 1.6 3.8 1.3 0.5 0.1 1.3 1.8 3.1 1.9 3.6 1.3 1.7 1.1 0.7 1.0 - 1.6 
Mean 1.9 3.5 4.7 1.7 3.1 1.9 1.2 1.5 0.8 2.2 1.9 1.7 3.4 3.1 3.4 5.0 5.4 1.6 3.4 3.2 
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Table 2.6: Percentage, by number in each taxon, of identifiable aquatic invertebrate 
items found in the stomachs of P. zealandicus for pastoral and native bush 
streams in autumn, winter, spring and summer. 
Pastoral Native bush 
Taxon Autumn Winter SJ2ring Summer Autumn Winter SJ2ring Summer 
Amphipoda 8 4 8 6 2 3 2 
Coleoptera 10 4 10 9 14 9 
Diptera 19 22 19 27 7 14 7 
Ephemeroptera 23 35 19 35 8 20 7 20 
Plecoptera 13 5 4 5 10 8 10 8 
Trichoptera 7 19 22 19 4 7 4 
Prosobranchia 40 8 22 8 35 39 33 39 
Others 7 5 4 5 5 13 12 13 
2.4.5 Allochthonous Plant Species 
Allochthonous plant material found in crayfish stomachs reflected the plant 
species found in the riparian zones of each land-use type (see Study Sites, page 
2.6). Crayfish from native bush streams contained a larger range of identifiable 
allochthonous plant types (Table 2.8). Crayfish in the pastoral streams contained 
a variety of allochthonous detrital plant material but it was generally not possible 
to identify this to species level. Allochthonous (green) plant material occurred 
rarely in either stream type. A wineberry (Aristotelia serrata) leaf tip was found 
in the stomach of a small crayfish from North Col Creek in spring, and 
allochthonous roots were found in autumn from a small crayfish from Powder 
Creek. A terrestrial macrophyte leaf tip occurred in a medium sized crayfish 
from pastoral Canton Creek in autumn, and allochthonous roots occurred in 
medium and large sized crayfish from Crayfish Creek and Traquair Burn in 
spring. Seeds were the most common plant item occurring in P. zealandicus 
stomachs from native bush streams (Table 2.8). Seeds were found with a similar 
frequency in crayfish from pastoral streams but the most commonly occurring 
item in these streams was grass stems (Table 2.8). Bark was found at similar 
frequencies from both stream types whereas plant roots occurred twice as often in 
the stomach contents of P. zealandicus from pastoral streams (Table 2.8). 
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Figure 2.10: Percent points for aquatic invertebrates found in P. zealandicus 
stomachs (A) by season and (B) by season and land-use. Mean±95% confidence 
intervals given. a significantly greater than b, p<O.OOl and c, p=O.OOl. b not 
significantly different from c at p= 0.05. 
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Table 2.7: Output for three-way ANOV A (stream nested in land use) on percent 
points of aquatic invertebrates in stomachs. 
source df F-ratio p-value 
constant 1 81.250 <0.0001 
land use 1 3.4211 0.0653 
stream 4 1.6809 0.1541 
season 3 7.2612 <0.0001 
size 2 0.7826 0.4580 
season *size 6 1.0895 0.3683 
land-use*season 3 4.7475 0.0030 
land use*size 2 2.7145 0.0677 
land use*season*size 6 1.4945 0.1783 
error 325 
total 352 
2.4.6 Autochthonous Plant Material 
Moss occurred with the second highest frequency in P. zealandicus stomachs 
from both stream types (Table 2.8), although this material made up little of the 
volume (< 5.14% points) (Table 2.9A-D). There was little other autochthonous 
plant material found in crayfish stomachs from either stream type in this study. 
One individual alga (Volvox species) was found in a medium sized crayfish from 
a pastoral stream in autumn (Canton Creek) and one diatom (Actinastuum 
species) was found in a large crayfish from a native bush stream in spring 
(Powder Creek). 
2.4.7 Other Material 
Terrestrial invertebrates (spiders, Arachnida, and caterpillars, Lepidoptera) were 
recorded from fifteen crayfish stomachs (Appendix 1), with no crayfish 
containing more than one terrestrial invertebrate. Five crayfish from pastoral 
streams and ten from native bush streams contained terrestrial invertebrates. 
There was no apparent pattern in the occurrence of terrestrial invertebrates 
found in P. zealandicus stomachs relating to land use, season or size class 
(Appendix 1). 
Sand grains occurred infrequently in crayfish stomachs and made up on average 
less than 0.4% points of the stomach volume (Table 2.9A-D). Unidentified 
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material made up less than 1% points of the stomach volume and was excluded 
from analysis (Table 2.9A-D). 
Table 2.8: Identifiable plant material found in crayfish stomachs for native bush 
and pastoral streams. Results are for pooled land-use and crayfish size classes. 
Numerals in brackets denote number of stomachs containing each food item 
over total stomachs sampled. 
Native bush streams 
Dicotyledon seed (unidentified) (61/178) 
Moss (60/178) 
Pastoral streams 
Grass stems (unidentified) (101/178) 
Moss (76/178) 
Pseudopanax arboreus (24/178) Monocotyledon seed (unidentified) (64/178) 
Bark (Some with thorns attached) (18/178) Plant roots (25/178) 
Aristotelia serrata (16/178) 
Plant roots (12/178) 
Griselina littoral is (1 0 /178) 
Coprosma species (10/178) 
Acer pseudoplatanus (8/178) 
Pittosporum eugenoides (7 /178) 
Fuchsia species (7 /178) 
Bark (Some with thorns attached) (25/178) 
Table 2.9A-D: Percentage points for items (excluding allochthonous material and 
aquatic invertebrates) in crayfish stomachs for each of the study streams. 
Mean±95% confidence interval given. n=5 except for * where n=3. Invertebrates 
refers to those of terrestrial origin only. 
A: Autumn 
Pastoral Native bush 
Size Food Can Cra Tra Mean Mac Nor Powd Mean 
Large Invertebrates - 1.9±0.0 0.63 
Moss - 0.1±0.0 0.6±1.0 0.53 6.0±0.0 2.00 
Sand 0.8±1.5 0.8±1.6 0.53 
Crayfish 2.9±4.8 0.96 
Medium Invertebrates - 0.7±0.0 3.0±5.9 1.23 
Moss - 0.1±0.0 1.4±0.9 0.50 
Sand 
Crayfish 2.0±2.9 0.8±1.5 0.93 
Small Invertebrates 2.8±0.0 0.93 
Moss - 0.2±0.0 0.6±0.6 0.26 
Sand - 0.8±1.4 0.26 
Crayfish 0.2±0.4 0.1 
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B: Winter 
Pastoral Native bush 
Size Food Can Cra Tra Mean Mac Nor Pow Mean 
Large Invertebrates * 0.9±0.0 0.30 
Moss 0.7±0.0* 2.8±0.0 1.16 
Sand * 
Crayfish * 0.8±0.9 0.27 1.0±0.0 1.0±0.0 0.67 
Medium Invertebrates 14±0.0 4.50 0.6±0.0 0.20 
Moss 1.3±0.0 3.5±2.4 1.60 0.2±0.0 0.01 
Sand 
Crayfish 0.5±1.0 1.8±3.5 0.76 2.1±0.0 0.70 
Small Invertebrates * 
Moss 2.5±0.0 2.6±3.3 1.7 * 
Sand * 
Crayfish 0.3±0.0 * 0.10 
C: Spring 
Pastoral Native bush 
Size Food cate~ory Can Cra Tra Mean Mac Nor Pow Mean 
Large Invertebrates 0.2±0.0 0.50 - 0.3±0.0 0.10 
Moss - 5.1±0.0 0.3±0.45 1.80 0.9±0.0 0.30 
Sand - 0.2±0.4 0.07 
Crayfish 0.6±0.85 0.19 
Medium Invertebrates - 0.1±0.2 - 0.2±0.3 0.10 
Moss - 0.4±0.0 2.4±3.3 0.93 0.2±0.2 0.7±0.0 0.30 
Sand 
Cra fish 
Small Invertebrates - 0.2±0.4 0.07 
Moss - 0.7±0.0 1.0±1.1 0.57 
Sand 1.2±1.1 0.40 0.1±0.2 0.03 
Cra fish 
D: Summer 
Pastoral Native bush 
Size Food Can Cra Tra Mean Mac Nor Pow Mean 
Large Invertebrates - 0.5±0.8 0.17 
Moss - 0.7±0.0 0.23 - 0.1±0.0 0.3±0.0 0.13 
Sand <0.0 <0.00 
Crayfish 0.1±0.0 
Medium Invertebrates - 0.2±0.4 0.06 4.1±8.0 
Moss - 0.1±0.2 <0.0 0.05 0.1±0.2 0.3±0.0 0.13 
Sand <0.0 0.01 <0.00 <0.00 
Crayfish - 1.8±3.0 0.60 
Small Invertebrates 
Moss - 0.3±0.0 2.3±3.4 0.87 - 0.1±0.0 0.1±0.0 0.04 
Sand - 0.4±0.7 0.12 
Crayfish 0.4±0.7 0.13 
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2.5 Discussion 
2.5.1 Land-Use Effects 
P. zealandicus from pastoral streams generally had more allochthonous detritus 
in their stomachs than those from native bush streams. This finding was 
unexpected given the larger amounts of allochthonous detrital material found in 
native bush streams compared to pastoral streams. It may be that P. zealandicus 
from native bush streams are utilising other food sources (not identified in this 
study) or that the importance of this material in pasture streams is overestimated 
by stomach content analysis. No autochthonous detritus and few items of 
identifiable autochthonous plant material, other than moss, were found in 
crayfish stomachs, irrespective of land use. The open pastoral streams would be 
expected to have greater algal biomass given the higher levels of light they 
receive in comparison to the native bush streams. However, this was not 
reflected in the crayfish diet from pastoral streams. Algae may have been of a 
small size in the study streams and passed through the <250~-tm sieve. Equally, 
algal cells sometimes pass intact through invertebrate consumers (Lamberti & 
Moore 1984). This finding and the 'snap-shot' in time factor associated with an 
analysis of this type may in part explain the relatively small amount of this 
material observed in the stomach contents of P. zealandicus. 
Similar amounts of moss were ingested in both land-use categories. Moss was 
abundant in all of the study streams (pers. obs.) but was not a large component of 
the crayfish diet, suggesting that they may not be a 'preferred' or highly 
nutritional food source. Whitmore (1997) reported that 40% of P. zealandicus 
analysed for stomach contents in the Taieri catchment (1993-94) contained moss. 
Similarly moss occurred in 43% of P. zealandicus in this study. This value 
equates to less than 6% points of stomach volume for P. zealandicus irrespective 
of season, size or land use. 
The volume of aquatic invertebrates in the stomach content of P. zealandicus in 
native bush and pastoral streams in this study were lower than those found 
previously in Otago streams for P. zealandicus (Whitmore 1997) and in lakes for 
P. planifrons (~ 10%) (Devich 1979). Potamopyrgus, Deleatidium and chironomid 
species were among the most commonly eaten taxa. There was no difference in 
the numbers of Deleatidium ingested between stream types. Although they are 
mobile invertebrates with well developed escape mechanisms, Deleatidium are 
frequently found in crayfish stomachs (Whitmore 1997); this probably reflects 
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their abundance in streams (Winterbourn et al. 1981) rather than selection by 
crayfish. Gastropods have previously been reported in large numbers in crayfish 
stomachs (Covich 1977, Hanson et al. 1990, Lodge & Hill 1994, Whitmore 1997) 
and Jansma (1995) noted a negative correlation between P. zealandicus and 
aquatic snail abundance. Covich (1977) reported that crayfish do not ingest 
gastropod shells, often leaving no trace of the animal in the stomach. In the 
present study, large numbers of gastropod shells and opercula were found in 
crayfish stomachs. While some shells may have been ingested accidentally while 
feeding, the presence of opercula suggests predation rather than incidental 
feeding in at least some cases. Given the higher incidental light received in 
pastoral streams it was expected that this would lead to greater algal growth and 
large numbers of aquatic grazers, with lesser amounts of both found in native 
bush streams. However, the finding of greater numbers of Potamopyrgus 
ingested by P. zealandicus in native bush streams does not support this 
hypothesis. 
Chironomids have been reported to be among the most common aquatic 
invertebrate taxa eaten by crayfish (Whitledge & Rabeni 1997, Whitmore 1997), a 
finding that was mirrored in the present study. The high occurrence of these taxa 
in crayfish stomachs may be due to their relative abundance in streams in 
tandem with their sedentary nature, rendering them more susceptible to 
predation than invertebrate species with well developed escape mechanisms 
(Lodge & Hill 1994). While there was a difference in total percent volume of 
invertebrates ingested between land use in winter, the crayfish from pastoral 
streams may have simply stumbled upon a "good patch" of invertebrates at this 
time. It remains unclear whether crayfish are actively targeting invertebrate 
species or are opportunist omnivores capitalising on chance encounters. 
Few terrestrial invertebrates were found in P. zealandicus stomach contents from 
either land use in this study. Edwards & Huryn (1996) found pasture streams to 
have lower terrestrial invertebrate input when compared to tussock and native 
bush streams. In support of this there were twice as many terrestrial 
invertebrates found in crayfish stomachs from native bush streams in 
comparison to pastoral streams, but the small biomass suggests that terrestrial 
invertebrates are not an important part of the crayfish diet. Whitmore (1997) 
hypothesised that terrestrial invertebrates might become increasingly important 
to larger crayfish, if their size rendered them less able to catch aquatic invertebrate 
prey. The results from the present study support Whitmore's contention as 
terrestrial invertebrates were, with one exception, found only in large and 
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medium sized P. zealandicus. Land use does not appear to influence the amount 
of terrestrial invertebrates ingested by P. zealandicus in this study. 
There was little sand ingested by P. zealandicus with no trend related to land use 
evident. Sand was not found in crayfish stomachs during winter, and made up 
less than one percent of the stomach volume at other times. Similarly, O'Brien 
(1994) reported approximately 1.6% volume of sand in Cherax tenuimanus 
juveniles in West Australia, with slightly higher percentages in adult crayfish. 
Whitledge (1996) reported that 90% of the crayfish Orconectes stomachs analysed 
in the Jacks Forks River in Missouri (USA) contained sand grains. As sand has 
no nutritional value, it may have been ingested incidentally by crayfish when 
feeding in a manner described as 'bulldozing', involving the mass sieving of 
substrate (Merrick 1993). 
Exoskeleton fragments were found in crayfish stomach contents from streams in 
both land-use types. Cannibalism could not be assumed as no whole animals or 
exoskeleton with tissue attached were found in the present study. However, it is 
possible that cannibalism had occurred with the tissue having been digested prior 
to capture. In general, cannibalism has been found to be uncommon in 
freshwater crayfish (Whitledge 1996, Orconectes luteus, Growns & Richards 1988, 
Parastacoides tasmanicus tasmanicus, Whitmore 1997, P. zealandicus ). Crayfish 
are reported to eat their exuviae after a moult (Growns & Richards 1988) and this 
may explain the occurrence of exoskeleton fragments in the summer samples. 
However, this cannot explain the occurrence of exoskeleton fragments in the 
other seasons, particularly in winter when moulting does not occur (Whitmore 
1997). 
The geology of a catchment can influence water chemistry in a stream (Huryn et 
al. 1995) and may affect microbial processing rates of allochthonous material. 
Reduced levels of microbial activity and slower detrital processing have been 
associated with lower pH in streams (Palumbo et al. 1987, Thompson & Barlocher 
1989). In the present study, the pastoral streams were more acidic than the native 
bush streams (see Chapter 4), perhaps influencing the quality of food resource 
available to crayfish. The assessment of food quality was outside the scope of the 
present study, but it may be that the calcium from the basalt mounts found the 
native bush catchment (Chapter 4) is influencing the acidity of the water and 
therefore the quality of food available to crayfish. 
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At lower water temperatures, crayfish have greater assimilation efficiencies of 
food items (Musgrove 1988a). Quinn et al. (1997b) reported that open streams 
received approximately ten times the incidental light and had higher 
temperatures than shaded streams. The presence of a canopy can moderate 
stream temperatures (Sheath et al. 1989, Quinn et al. 1992, Young 1992). In the 
present study pastoral streams had higher maximum temperatures, but not 
annual degree-days, than their native bush counterparts (Chapter 4). It is 
conceivable that different riparian plant species found in native bush and 
pastoral streams may influence microbial processing and food quality available to 
crayfish through different temperature regimes. 
2.5.2 Seasonal Effects 
In this study, more detritus was found in stomachs in autumn and winter than 
in spring and summer in all size classes of crayfish. Similarly, aquatic 
invertebrates made up a significantly larger component of the stomach contents 
of pastoral stream crayfish in winter, than in all other seasons, irrespective of 
land use. These results may be explained by a longer digestion time, because of a 
slower metabolism (caused by cooler water temperatures), which would increase 
the amount of this material found in the stomachs. Alternately, these findings 
may reflect seasonal variation in crayfish food sources (Musgrove 1988b). 
However, no other food source was identified as having seasonal variation in the 
amount present in the stomachs of crayfish. A possible explanation is that a 
seasonal food source less than 250!-lm in size was missed due to the non-analysis 
of this portion of the stomach contents. It remains unclear what is causing the 
observed diet patterns 
2.5.3 Size Class Differences In Diet 
Larger crayfish contained a significantly greater proportion of allochthonous 
detritus in their stomachs than smaller crayfish. Ontogenetic shifts in crayfish 
diet have been reported for Pacifastacus leniusculus trowbridgii (Mason 1975), 
Autropotamobius pallipes (Reynolds 1979), Astacus astacus (Goddard 1988) and 
Orconectes virilis (France 1996a). Whitmore (1997) found a similar trend 
(although non-significant) in P. zealandicus in a native bush stream. Smaller 
amounts of invertebrate tissue in the diet of large crayfish have been explained in 
terms of a lack of dexterity, possible easier detection and escape by prey (due to the 
large size of crayfish), and limited access of crayfish to smaller refugia 
(Abrahamsson 1966, Momot 1995, Whitmore 1997), rather than a shift in dietary 
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preference. In support of this contention, laboratory trials have indicated that 
crayfish of all sizes exhibit a preference for animal protein (Iheu & Bernardo 
1993). However, the data from the present study showed no difference in the 
volume of invertebrates eaten between different size classes of crayfish. 
In general crayfish of all ages have been found with similar amounts of detrital 
matter in their stomachs (Momot 1995, Whitledge 1996, Whitledge & Rabeni 
1997). However, large P. zealandicus in the present study contained more 
detritus in their stomachs than medium or small animals. This finding may be 
explained because larger P. zealandicus will have bigger mouth parts and 
therefore are able to consume larger food particles. Alternatively, this finding 
may support the ontogenetic dietary shift hypothesis, as detrital food promotes 
little growth in crayfish species (Hill et al. 1993) and smaller P. zealandicus would 
be expected to place more of a premium on animal food to achieve their faster 
growth rates (Hopkins 1966, 1967a, Jones 1981b, Whitmore 1997). 
2.5.4 Factors Affecting Crayfish Diet 
O'Brien (1994) found that on average 83% of the stomach volume of Cherax 
tenuimanus constituted organic matter. The organic matter component was 
similar for P. zealandicus in native bush and pastoral streams in the present 
study. O'Brien (1994) found that Fine Particulate Organic Matter (FPOM) was the 
main food component for C. tenuimanus and therefore suggests that they should 
be described as microphagic detritivores with the capacity to become opportunist 
omnivores. However, as Coarse Particulate Organic Matter and FPOM are often 
different sized particles of the same material the nutritional value of FPOM 
possibly comes from the increased surface area available for microbial activity. 
Plant material is typically colonised by microflora (Suberkropp 1997) which 
provides a large percentage of the nutritional requirements for crayfish (Benfield 
et al. 1977, Brown et al. 1990, O'Brien 1994). In support of this contention, 
Musgrove (1988a & b) found P. zealandicus did not have the enzymes to break 
down cellulose and relied upon microbial enzymes and/ or microbial 
conditioning to gain nutritional value from plant material. 
Momot (1995) has suggested that crayfish should be classified as carnivores due to 
their predilection for animal protein. However, the wide range of species preyed 
upon, high numbers of sedentary or abundant species, and cases with one or no 
invertebrates in the gut, suggest that P. zealandicus is better described as an 
omnivore with the capacity to be an opportunist carnivore. 
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2.5.5 Conclusions 
All dietary analysis methods have associated problems in determining the 
importance of food types (Hyslop 1980, Whitledge & Rabeni 1997). Hyslop (1980) 
suggested that to gain maximum information from stomach analysis researchers 
should use both bulk (volume) and amount (number) measures. The percentage 
points method (volume) used in this study was adjusted for stomach fullness, 
thereby overcoming the problem of differential stomach capacity (Hyslop 1980). 
Due to differing assimilation rates and the possibility of feeding on semi-
decomposed detrital matter it was not feasible to obtain numerical measures for 
all food items in this study, primarily due to problems identifying what 
constituted individual items. However, the use of identical methods in pastoral 
and native bush streams allows legitimate dietary comparisons. The need to 
limit the sample size (due to the relative rarity of P. zealandicus) and the 'snap-
shot in time' factor associated with stomach analyses of this type means these 
results should be interpreted with some caution. However, the results suggest 
that allochthonous detrital material (based on its large volume in P. zealandicus 
stomachs) is the most important dietary item for crayfish. Invertebrates (based on 
their small percentage volume in P. zealandicus stomachs) are of less importance 
to the diet of P. zealandicus than previously reported for crayfish species (Momot 
1995). However, the relatively high assimilation rate of invertebrates, compared 
to allochthonous detritus (Whitledge 1996), may mean that energetically this 
component is of importance. In summary, while land use may determine the 
species (flora and fauna) ingested by P. zealandicus, no land-use influences on 
diet were observed. Hyslop (1980) and Whitledge (1996) suggested that to obtain a 
clearer understanding of the importance of dietary items more than one method 
of investigation should be employed. In light of this, Chapter 3 will further 
investigate crayfish diet by using stable isotope analysis. 
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Chapter Three 
Stable Isotope Analysis of Paranephrops 
zealandicus Diet in Native Bush and Pastoral 
Streams 
Abstract 
Stable isotopes of carbon (ratio of 12c to 13c) and nitrogen (ratio of 14N to 15N) 
were used to determine the energy pathways of importance to Paranephrops 
zealandicus in the greater Taieri catchment. Epilithon appeared to be a major 
contributor to the trophic base of crayfish production at most sites. At several 
sites, the transfer of this carbon source appeared to be mediated by crayfish 
predation on invertebrate species with feeding habits such as those of 
Aoteapsyche (Trichoptera: Hydropsycidae) and Deleatidium species 
(Ephemeroptera: Leptophlebiidae). Allochthonous material and moss were not 
identified as important food sources in the diet for either land-use type. The 
observed patterns appear site specific and not related to land use. These results 
suggest that there is a 813C enriched food source(s) that was not identified in this 
study and/ or greater than expected fractionation was occurring in the 
assimilation of carbon by P. zealandicus. No evidence for an ontogenetic shift in 
diet was found for P. zealandicus. 
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3.1 Introduction 
Information on the diet of invertebrates has traditionally been obtained from 
analysis of gut contents. However, this method does not determine the exact 
energy sources in the diet, especially for detritivores or omnivores (Mihuc & 
Toetz 1994). In addition, stomach contents analyses can identify items as 
volumetrically important when they are not readily assimilated. This limits our 
understanding of carbon/ energy flows through freshwater ecosystems (Junger & 
Planas 1994). Stable isotopes of carbon and nitrogen can provide a clearer 
understanding of aquatic invertebrate diets in that they reflect the assimilation of 
organic matter rather than its consumption alone (Rounick et al. 1982, Junger & 
Planas 1994). Stable isotopes of carbon (813C, ratio of 13c to 12c) and nitrogen 
(815N, ratio 15N to 14N) are measured as parts per thousand (%o) and provide 
information on the carbon/ energy source, and trophic level classification of a 
consumer (Minagawa & Wada 1984, Mihuc & Toetz 1994) that is not always 
available from traditional stomach contents analyses (Hyslop 1980). 
The ability of stable isotope analyses to trace the pathways of energy flow in food 
webs is dependent on detectable differences existing in the isotopic composition 
of potential food sources available to consumers (Bunn et al. 1989, Boon & Bunn 
1994). Previous research has found considerable variation in the carbon 
signature within the same species of plant collected at the same time of year 
(Jackson & Harkness 1987, Bunn & Boon 1993, France 1995a, 1996a, b & c). 813C 
values may vary seasonally by 5%o in response to stomatal closing (Walcroft et al. 
1997). In addition leaves in the upper canopy can be 3-4%o less negative than 
leaves in the lower canopy (Schlesser 1990, 1992). The respective 815N of 
allochthonous and autochthonous plants/algae may also differ (France 1995b). 
Despite this, a combination of isotope tracers (carbon and nitrogen) may be useful 
in tracing food web linkages (Peterson & Fry 1987, Mihuc & Toetz 1994, France 
1996c). The 813C value determines the source of the carbon/ energy, and changes 
approximately 1 %o per trophic level in a food chain (Peterson & Fry 1987, France 
1996b). The 815N value is used to determine the trophic level at which a 
consumer is feeding and changes in value from 3%o (Handley & Raven 1992) to 
5%o (Fry 1991, Mihuc & Toetz 1994) per trophic level have been observed. 
The use of stable isotopes analysis has shown that, in open pastoral streams in 
New Zealand, invertebrates used a mixture of allochthonous and autochthonous 
material as the energy source, whereas in forested streams they used primarily 
allochthonous carbon sources (Lester et al. 1995, Hicks 1997). 
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The aim of this study was to investigate the energy pathways of importance toP. 
zealandicus in streams within native bush or pastoral catchments by measuring 
813C and 815N values of crayfish and their food sources. These findings are 
compared with the dietary information obtained from stomach analysis (Chapter 
2) to determine if there is concurrence between dietary patterns observed using 
the two methods. 
I hypothesised that crayfish from native bush streams would derive their energy 
predominantly from allochthonous material, whilst those from pastoral streams 
would utilise a mixture of allochthonous and autochthonous material. This was 
proposed based on the expected differences in contribution of allochthonous 
material and light reaching each stream type. Smaller P. zealandicus were 
hypothesised to have a diet containing a greater proportion of aquatic 
invertebrates compared with larger P. zealandicus. This result was expected as 
smaller crayfish are more able to access refugia (due to their smaller size) used by 
aquatic invertebrates than larger crayfish. 
Alternatively if the findings of the stomach contents (Chapter 2) accurately reflect 
energy pathways, then the stable isotope analysis should show that P. zealandicus 
from both native bush streams and pastoral streams rely predominantly on 
allochthonous food sources. This hypothesis was proposed as allochthonous 
material made up the largest volume of any food source found in crayfish 
stomachs (Chapter 2). Larger P. zealandicus are hypothesised to exhibit isotopic 
values indicating that allochthonous plant material was more important to their 
diet than smaller crayfish. This was expected as stomach analysis found larger 
crayfish contained a greater amount of allochthonous plant material than 
smaller crayfish (Chapter 2). 
3.2 Methods 
3.2.1 Sample Collection and Preparation 
Samples of crayfish, aquatic invertebrates, and plant material were collected for 
isotopic analysis from three pastoral (Canton Creek, Crayfish Creek and Traquair 
Burn) and three native bush streams (MacRae's Creek, North Col Creek and 
Powder Creek) (described in the Methods section, Chapter 2) in October 1997. P. 
zealandicus from three size classes were captured from each stream using the 
techniques described in Chapter 2. Crayfish were placed on ice and transported to 
the laboratory and frozen prior to preparation. Crayfish samples were thawed at 
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room temperature and a sample of abdominal tissue was taken. This was dried at 
60°C for 48 hours and ground in a mortar and pestle. 
Aquatic invertebrates were collected from each stream using Surber samplers. It 
was decided a priori to collect representative filter feeders (Aoteapsyche) and 
collector I grazers (Deleatidium). At Canton Creek the filter-feeder invertebrate 
selected for analysis was Coloburiscus (Ephemeroptera) as no Aoteapsyche were 
found at this site. Invertebrates were placed on ice and transported to the 
laboratory and frozen prior to preparation. After thawing, the invertebrates were 
rinsed with distilled water and their head capsules, anal filaments and digestive 
tracts were removed. The remaining tissue was dried at 60°C for 36 hours and 
ground in a mortar and pestle. 
Fresh riparian leaf matter was collected from the stream bed as little variation 
exists in the carbon isotopic values of fresh and decaying leaf litter (Boon & Bunn 
1994). Coprosma species were chosen as the representative terrestrial plant 
sample from native bush streams as this material was commonly found in 
crayfish stomachs (Chapter 2). The terrestrial plant sample for pastoral streams 
was selected on the basis of what was the most abundant species in the riparian 
zones as no identification to species level was possible for this material found in 
stomach contents (Chapter 2). The allochthonous plant material was frozen prior 
to preparation. After thawing it was rinsed with distilled water, dried for 72 
hours at 60°C and then ground with a motar and pestle. 
Epilithon was collected from rocks in the stream bed, using a soft paintbrush to 
brush material into containers with a little water. Upon return to the laboratory 
the epilithic samples were viewed under a dissecting microscope (10-40X) and any 
Nostoc (nitrogen fixing cyanobacteria) and coarse allochthonous detrital material 
was removed. The remaining material was then filtered onto Whatman GF /C 
filters and dried at 60°C for 48 hours. The dried material was removed from the 
filters, ground thoroughly with a mortar and pestle and stored in glass sample 
vials. 
3.2.2 Stable Isotope Analysis of Samples 
All samples were to be analysed using the mass spectrometer operated by the 
National Institute of Water and Atmospheric Research (NIWA) at Wellington. 
However, due to technical problems, it became necessary to analyse 
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approximately half the samples with the mass spectrometer operated by the 
University of Waikato at Hamilton (these are marked in Table 3.1 by an asterix). 
Ratios of 13c;12c and 15Nj14N are expressed as the relative per thousand (%o) 
difference between the sample and international standards of which the relative 
values of carbon and nitrogen were known. These ratios are expressed as: 
815
N = ( 15N I 14N sample - 15N I 14N standard x 1000) 
15N I 14N standard 
813C = ( 13C I 12C sample - 13C I 12C standard x 1000) 
13C I 12C standard 
Stable isotopes of carbon and nitrogen were analysed by NIWA simultaneously 
using a Finnigan MAT, continuous flow, isotope ratio mass spectrometer (CF-
IRMS). The ()13C was calibrated using a pure Acetanilide standard for the 12C and 
14N mass (ie. %12C and %14N) using reference carbon dioxide gas (C02) for ()13C 
vs PDB (carbonate rock that has a ()13C value of zero, Craig 1957) and Nitrogen gas 
(N2) for ()15N vs air. Solid samples were combusted with oxygen in a Fison's 
1500N elemental analyser combustion furnace at 1020°C in a Helium (He) carrier 
gas. Oxides of nitrogen were reduced to N2 gas in a reduction furnace at 640°C 
and separated on Porapak Q gas chromatograph column before being introduced 
to the mass spectrometer detector via an open split. Two reference C02 and N2 
gas standards were introduced to the mass spectrometer with every sample run. 
The masses of 12C, 13C, 14N, and 15N were automatically calculated by the 
ISODAT software used to control the Delta-C. Instrument error was determined 
as less than 1 %o for ()15N samples and 3%o for ()13C samples. 
The relevant stable isotopes of samples sent to the University of Waikato were 
analysed using a Dumas elemental analyser (Europa Scientific, ANCA-SL) 
interfaced to an isotope mass spectrometer (Europa Scientific Tracermass). 
Samples were analysed against a laboratory standard/reference of sucrose which 
has a ()13C value of -10.80. The sucrose has been standardised against a certified 
standard (calibrated relative to PDB) from CSIRO, Canberra, Australia. When 
analysing samples, a sucrose standard was analysed after every 12 samples. 
Internal reference checks were also done at these regular intervals. (The same 
sucrose standard is analysed as an unknown). The instrument automatically 
drift corrects the set of 12 data each time it recalibrates itself against the standard 
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Table 3.1: Samples of crayfish, aquatic invertebrates and plant material used for 
stable isotopic analyses in October 1997. (n= sample size. * denotes samples 
analysed at University of Waikato). P = Pastorat B =Native bush stream. 
Item Taxon Land use Stream n= 
Tussock litter Chionochloa p Crayfish 3 
Tussock litter Chionochloa p Traquair 3 
Grass litter Unidentified p Traquair 1 
Leaf litter Coprosma B MacRae's 3 
Leaf litter Coprosma B North Col 3 
Leaf litter Coprosma B* Powder 3 
Grass root Unidentified P* Canton 1 
Unidentified P* Crayfish 2 
Unidentified p Traquair 1 
Epilithon Unidentified P* Canton 1 
Unidentified P* Crayfish 4 
Unidentified p Traquair 6 
Unidentified B MacRae's 3 
Unidentified B* North Col 2 
Unidentified B* Powder 6 
Moss Unidentified P* Canton 2 
Unidentified p Crayfish 3 
Unidentified p Traquair 3 
Unidentified B* MacRae's 2 
Unidentified B* North Col 1 
Unidentified B* Powder 1 
Filter feeder Coloburiscus P* Canton 3 
Aoteapsyche P* Crayfish 3 
Aoteapsyche p Traquair 3 
Aoteapsyche B* MacRae's 3 
Aoteapsyche B* North Col 3 
Aoteapsyche B* Powder 6 
Collector/ grazer Deleatidium P* Canton 1 
Deleatidium P* Crayfish 2 
Deleatidium p Traquair 3 
Deleatidium B MacRae's 3 
Deleatidium B* North Col 3 
Deleatidium B Powder 3 
Large crayfish P. zealandicus P* Canton 3 
P. zealandicus P* Crayfish 3 
P. zealandicus P* Traquair 3 
P. zealandicus B MacRae's 3 
P. zealandicus B North Col 3 
P. zealandicus B Powder 3 
Medium crayfish P. zealandicus P* Canton 3 
P. zealandicus P* Crayfish 3 
P. zealandicus P* Traquair 3 
P. zealandicus B MacRae's 3 
P. zealandicus B North Col 3 
P. zealandicus B Powder 3 
Small crayfish P. zealandicus P* Canton 3 
P. zealandicus P* Crayfish 3 
P. zealandicus P* Traquair 3 
P. zealandicus B MacRae's 3 
P. zealandicus B North Col 3 
P. zealandicus B Powder 3 
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Instrument error was determined as less than 1 %o for 815N samples and 3%o for 
813C samples. Previous comparisons between the NIWA and University of 
Waikato mass spectrometers have shown close correspondence in the results 
obtained (Max Gibbs, pers. comm.). 
3.2.3 Statistical Analysis 
Values of 813C and 815N were compared between native bush and pastoral 
streams, and among size classes of crayfish using Kruskal-Wallis tests, on the 
statistical package Data Desk 4 (Velleman 1992). Potential crayfish food items 
were not analysed as samples were not available from all streams and/ or had 
different sample sizes. 
3.3 Results 
3.3.1 813C of Crayfish, Allochthonous Plants and Aquatic Food Sources 
The mean 813C values for P. zealandicus were not significantly different between 
native bush and pastoral streams (Kruskal-Wallis p= 0.2332). P. zealandicus from 
the pastoral Canton Creek had the largest range of mean 813C values (-28.9 to 
-23.1 %o) (Figure 3.1). There was a small distinction in 813C values of P. 
zealandicus from different size classes in the native bush stream Powder Creek 
(Figure 3.1) but overall there was no significant difference between the mean 813C 
values for small, medium or large P. zealandicus (Kruskal-Wallis p= 0.9446). P. 
zealandicus was 813C enriched (-24 to -26%o) compared to all other organic matter 
sources sampled (-25 to -35%o) in all creeks. There was little variation in mean 
813C values for the filter-feeding Aoteapsyche (range of means -26.2 to -27.4%o). 
Coloburiscus, the filter-feeding invertebrate sampled at Canton Creek had a 813C 
value of -29.9%o. Allochthonous plant material comprising pasture grass or 
tussock from the pastoral streams was less depleted (range of means -27.9 to 
-30.9%o) than that found in the native bush streams (-31 to -35%o) (Figure 3.1). 
Moss showed high variability in 813C both within and between land-use types. In 
the pastoral streams it was more variable (range of means -25.1 to -33.4%o) than 
in the native bush streams (range of means -31.6 to -35.1 %o ). The 813C values for 
loose epilithon material were similar for all streams (range of means -24.5 to 
-28.8%o) with no obvious pattern related to land-use (Figure 3.1). 
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Figure 3.1: Mean fractionation of stable carbon (C) and nitrogen (N) isotopes for 
potential food sources of P. zealandicus grouped by pastoral and native bush 
streams. Mean±95% confidence intervals given where appropriate. Large, 
Medium and Small refer to size classes of P. zealandicus (see Chapter 2). 
Chapter 3: Stable Isotope Analysis of Paranephrops zealandicus Diet 3.9 
3.3.2 o15N of Crayfish, Allochthonous Plants and Aquatic Food Sources 
Mean o15N values for P. zealandicus were not significantly different between 
native bush and pastoral streams although native bush stream crayfish had 
slightly lower means (Kruskal-Wallis p= 0.2301) (Figure 3.1). There was no 
significant difference between the o15N values of P. zealandicus of different size-
classes (Kruskal-Wallis p= 0.8754). The «)15N values for P. zealandicus were 
greater than or equal to those of all the other components of the aquatic food 
webs sampled in all six streams. This distinction was greatest in the pasture 
streams where the o15N of P. zealandicus exceeded that of other food web 
components by 2 to 4%o. In general there was little variation in the o15N values 
for Deleatidium and Aoteapsyche from either stream type (range of means 1 to 
3.5 %o ). The one exception to this were Deleatidium from the pastoral stream 
Canton Creek which were o15N enriched in comparison to individuals from all 
other streams (Figure 3.1). Allochthonous material in pastoral streams had 
slightly lower o15N values (means of -1.9 to 2.0%o) that in native bush stream 
(range of means 1 to -3.6%o). Grass roots (unidentified species) from the pastoral 
streams exhibited a large range in o15N values (-4.1 to 4.1 %o ). Moss from the 
pastoral stream Canton Creek had the highest o15N value (mean value 3.8%o) 
with all other streams showing values of (-1.8 to 0.5%o) with no clear pattern 
related to land-use (Figure 3.1). The o15N values for loose epilithic material were 
variable with pastoral streams exhibiting a larger range of values (range of means 
3.8 to -3.0%o) than native bush streams (range of means of 1.7 to -1.5%o) (Figure 
3.1). However, no land-use differences were apparent. 
3.3.3 P. zealandicus Food Sources 
The relative o13C enrichment of P. zealandicus suggest that not all the food 
sources that are being assimilated were sampled. Nevertheless some patterns 
were found that indicate food items which are important to P. zealandicus. 
Epilithon is within 1-2%o of crayfish at all the pastoral streams, although 
invertebrates are closer in carbon to P. zealandicus at Traquair Burn (Figure 3.1). 
Invertebrates from the native bush streams, especially Aoteapsyche, are generally 
within 2%o of the «)13C value of P. zealandicus, although the o15N values are 
similar (Figure 3.1). 
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3.4 Discussion 
3.4.1 Important Food Sources 
This study suggested that multiple trophic pathways may be important to 
crayfish, and that these pathways generally reflect site specific characteristics 
rather than land use. This may partly reflect the fact that I was not able to 
determine specific carbon sources for P. zealandicus in native bush or pastoral 
streams, and therefore am unable to demonstrate a land-use effect. However, I 
suggest three hypotheses for P. zealandicus diet that are consistent with the data: 
i) There is a single, unknown food source that dominates the assimilated carbon 
of P. zealandicus which was not sampled. However, it seems unlikely that such a 
major organic matter source would be overlooked in both the stomach content 
analyses and the collection for isotopic samples in this study. 
ii) There are multiple organic carbon sources comprised of one or more of those 
sampled, plus one or more unknown sources. The unknown source(s) would 
need to have 813C and S15N ratios less negative than P. zealandicus in all streams. 
It is very likely that P. zealandicus was assimilating one or more of the carbon 
sources sampled, given their preponderance in gut contents. 
iii) P. zealandicus are using one or more of the food sources sampled but the 
fractionation of the respective material during assimilation is different. The 
fractionation of carbon and nitrogen may have been mediated by microbial 
activity in the gut of P. zealandicus, as has been suggested for Paranephrops 
planifrons (Hicks 1997). This may explain the carbon enrichment of the crayfish 
relative to their food items. 
Although I cannot definitively rule out any combination of possible organic 
matter sources, I suggest that some sources are more likely to be important than 
others based on the stable isotope and stomach contents data. In all three bush 
streams, there were considerable differences in 813C ratios between P. zealandicus 
and the allochthonous leaves I sampled. If P. zealandicus from native bush 
streams were assimilating only tree leaves and one unknown source (a "two 
source" model), the unknown source would have to have a 813C value of 
approximately -15%o for the mean 813C to equal that of P. zealandicus. A 
potential food source with this characteristic is Nostoc (nitrogen fixing blue-green 
cyanobacteria). In the Taieri catchment it has a 813C value that can range from 
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-10 to -16%o (Taieri and Southern Rivers Programme, unpublished data). 
Although the nutritional value of the Nostoc is unknown, it may have been 
ingested with epilithon by P. zealandicus in a feeding strategy described as 
bulldozing (Merrick 1993). This may explain the ()13C enrichment of P. 
zealandicus relative to the allochthonous food sources observed in this study. 
Nostoc was not found in the stomach contents analysis in this study (Chapter 2), 
or that of Whitmore (1997). However, as stomach contents analysis gives only a 
'snapshot in time', I cannot rule out the possibility that crayfish may consume 
Nostoc. 
The ()13C enrichment of P. zealandicus may be due to micro-organisms in the 
crayfish stomach assimilating the food and in turn themselves being assimilated 
(Hicks 1997). In support of this second "two source model", cellulase activity 
associated with bacteria has been reported in the stomach of P. zealandicus 
(Musgrove 1988a) but the extent of enrichment is not known (Hicks 1997). 
Equally, the importance of allochthonous material to crayfish in these stream 
sites may be as a surface for the growth of fungi, diatoms and bacteria (Momot 
1995, Whitledge 1996, Whitledge & Rabeni 1997). Bacteria grown under 
laboratory conditions display a wide range of ()13C values (-11.5 to -27.4%o) 
(Coffin et al. 1989). If this range of values for bacteria is similar to natural systems 
then bacteria and other leaf microflora may be preferentially assimilated over the 
leaf material itself by P. zealandicus. 
Such an extreme combination of organic matter sources is probably less likely 
than a combination of more than two sources with values more similar to those 
of P. zealandicus. The isotopic analysis suggests moss is unlikely to be an organic 
food source for crayfish. This supports the stomach contents analysis of P. 
zealandicus (Chapter 2, Whitmore 1997) and isotopic analysis of P. planifrons in 
Waikato streams (Hicks 1997). P. planifrons appear to obtain most of their carbon 
from invertebrate food sources (Hicks 1997) which is similar to the results for P. 
zealandicus at some sites in this study. 
3.4.2 Ontogenetic Shift in Diet 
As there was no significant distinction in the ()13C or ()15N values for the different 
size classes of P. zealandicus within streams, I conclude from the stable isotope 
data that the different size classes are assimilating similar organic matter sources. 
The gut contents analysis (Chapter 2) recorded a similar result for all food sources 
except allochthonous detritus where larger crayfish consumed significantly 
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greater proportions than smaller individuals. Whitmore (1997) reported the 
same trend (although non-significant) in stomach analysis for P. zealandicus in 
Taieri catchment streams. 
3.4.3 Trophic Position of P. zealandicus 
The <)15N values for P. zealandicus was consistent with the hypothesis that they 
are a top invertebrate consumer in all streams as their <)15N values are equivalent 
to or greater than other invertebrate <)15N values and are considerably greater 
than allochthonous and autochthonous organic matter sources. Crayfish have 
been described as carnivores (Momot 1995), herbivores or detritivores (Lorman 
& Magnusson 1978, Huryn & Wallace 1987), omnivores (Whitledge 1996, 
Whitmore 1997) and microphagic detritivores (O'Brien 1994). Feeding trials have 
found crayfish of all sizes to have a preference for animal protein which 
promotes fastest growth rates (Iheu & Bernardo 1993). In situations where 
animal material may not always be readily available (e.g. after floods), crayfish 
would require other food sources for nourishment. Therefore, crayfish may be 
best described as omnivores with a preference for animal protein sources. 
3.4.4 Comparison of Diet Analysis Methods 
Stomach contents analysis found P. zealandicus contained large amounts of 
allochthonous material (Chapter 2). However, the isotope analysis suggests that 
this is probably not assimilated into body tissue to the same extent as other food 
sources. Whitledge (1996) found crayfish (Orconectes) were able to assimilate 
larger proportions of animal tissue compared to aquatic plant material. This 
supports the hypothesis that allochthonous material may be more important as a 
substrate for micro-organism growth rather than a direct food source (Momot 
1995, Whitledge 1996, Whitledge & Rabeni 1997). Aquatic invertebrates were the 
second most important food item by volume (Chapter 2) but the mean total was 
less than 4% per crayfish, regardless of land use or size class. This does not 
support the stable isotope analyses which suggested that invertebrates are most 
likely to be important to the diet of P. zealandicus. The different results from the 
stomach content analysis (Chapter 2) and stable isotope analyses are perhaps due 
to faster digestion of invertebrates than allochthonous material, leading to 
underestimation of the importance of invertebrates to the diet of crayfish (Hyslop 
1980, Whitledge 1996). 
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Crayfish would be expected to predate more heavily on sedentary invertebrate 
species (Whitmore 1997). However, the highly mobile Deleatidium (or other 
mobile aquatic invertebrates with similar diet) was identified as an important 
dietary item of P. zealandicus by isotope analysis and by stomach contents 
analysis (this study Chapter 2, Whitmore 1997). The relatively frequent 
occurrence of Deleatidium in the crayfish stomachs may reflect their abundance 
in New Zealand streams (Winterbourn et al. 1981) which would ensure year 
round availability to crayfish. Alternatively, the presence of taxa like 
Deleatidium in the stomach contents may have been overestimated as this 
species has a large amount of sclerotised exoskeleton which would be expected to 
be digested slowly. If this hypothesis is correct, then the volume of membranous 
species such as chironomids (not sampled for isotope analysis) may have been 
underestimated in importance as a food item in Chapter 2. Moss was not 
identified as an important food source in this study, supporting other findings 
that it is rarely fed upon by stream macroinvertebrates (Suren 1990). 
3.4.5 Conclusions 
Overall the results suggest a mixture of food items contribute to what is 
assimilated by crayfish. No difference between diet was found with regard to 
land-use practices. The differences in 813C values of crayfish relative to dietary 
items suggest that not all food items important to crayfish were detected. The 
stable isotopic study led to different conclusions compared to the stomach 
analysis study (Chapter 2). Based on these results, I recommend that a 
combination of methods be used in future diet studies in order to gain a greater 
understanding of food-web structure in stream ecosystems. It seems that 
allochthonous material may be more important as a substrate for micro-
organisms, rather than directly as a food source and/ or that an unidentified food 
source(s) may be important to the diet of P. zealandicus. It is unlikely that Nostoc 
would be the missing food source as this material was not found in the stomach 
contents analysis (Chapter 2). Further research encompassing a wider range of 
potential food sources, the fate of that food (e.g. differential fractionation or 
assimilation), and the naturally occurring variability of 813C and <)15N values in 
samples is needed before the diet of P. zealandicus can be definitively understood 
in these streams. 
Chapter 4: Annual growth of Paranephrops zealandicus in native bush and pastoral streams 4.1 
Chapter Four 
Annual growth of Paranephrops zealandicus in 
native bush and pastoral streams 
Abstract 
Annual growth rates for freshwater crayfish (Paranephrops zealandicus) were 
estimated for three native bush streams and three pastoral streams and related to 
abiotic variables. Crayfish were captured, measured, tagged and released in the 
winter of 1996 and recaptured after one year. Crayfish tended to be larger in 
native bush streams but there were greater numbers of smaller crayfish in the 
pastoral streams. The difference in abundance of smaller crayfish between land-
use types appears to be related to a combination of recapture techniques and 
predator species present. The size difference in large crayfish between stream 
types may be related to the abiotic variables (e.g. alkalinity and calcium). There 
were no significant differences in annual degree days, however, degree days > 
10°C were significantly higher in pastoral streams. Native bush streams had 
significantly higher pH, alkalinity and calcium concentrations. The results 
indicate that larger crayfish (> 30mm orbital carapace length, OCL) grew faster in 
the native bush streams. Smaller crayfish showed variation in growth but there 
were no evident trends related to land use. In the smaller crayfish the different 
combinations of abiotic variables appear to result in similar growth rates while in 
larger crayfish the combination of alkalinity and calcium emerge as more 
important than temperature. 
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4.1 Introduction 
Freshwater crayfish must moult in order to grow. Growth is a stepwise process 
with increases in body size occurring only at or immediately after moult events 
(Lowery 1988, Musgrove & Geddes 1995). During a moult the exoskeleton 
softens, leaving the crayfish vulnerable to predation and cannibalism (Lowery 
1988). Growth and moulting are influenced primarily by temperature (Hewett 
1974, Aml.stacio & Marques 1995, Musgrove & Geddes 1995, Whitmore 1997), with 
each crayfish species requiring a characteristic minimum temperature for 
moulting to occur (Geddes & Smallridge 1994, Lodge & Hill 1994, Whitmore 
1997). Diet and stream chemistry play additional roles in influencing growth rate 
(Lowery 1988). 
Crayfish are difficult to age because annuli are not retained during growth events 
(Lowery 1988, Whitmore 1997). Various aging methods have been developed 
that rely on size frequency plots to estimate age classes (Pratten 1980, Brewis & 
Bowler 1982). However, the variation in moult frequency and growth increment 
both between individuals and within or between populations (Flint & Goldman 
1977, Brewis & Bowler 1982), renders such measurements of little value after two 
or three growing seasons (Brewis & Bowler 1982). For example, females do not 
moult while carrying young and therefore their growth will fall behind that of 
males and non-reproductive females (Hopkins 1967a, Hazlett & Rittschof 1985). 
The most common methods of measuring crayfish growth are not related to age, 
but to increases in weight or linear dimensions during a year or a moult (Lowery 
1988). In general there is a trend in freshwater crayfish for diminished growth 
rate with increased size (Flint & Goldman 1977, Jones 1981b, Brewis & Bowler 
1982, Shimizu & Goldman 1983, Whitmore 1997) which is related to an increased 
inter-moult period (Hewett 1974, Geddes et al. 1988). 
Different land-use regimes can influence the ecology of stream organisms because 
of associated differences in a number of variables including shading effects which 
in part determine stream temperature (Weatherby & Ormerod 1990, Bird & 
Kaushik 1992, Quinn et al. 1992) and have flow-on effects on primary production 
and invertebrate species composition (Quinn et al. 1997a & b, Rutherford et al. 
1997). The energy base of a stream ecosystem (allochthonous versus 
autochthonous) is also determined by the land-use regime through which a 
stream flows (Gregory et al. 1991, Bird & Kaushik 1992, Hicks 1997, Johnson & 
Covich 1997). Water chemistry can be affected by the geology of a region and also 
by plant species found in the riparian margins (Huryn et al. 1995), and has a 
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major influence on primary producer production which in turn can affect species 
at higher trophic levels (Biggs & Close 1989). 
The objective of this Chapter is to describe and compare annual growth in 
populations of Paranephrops zealandicus that inhabit either native bush or 
pastoral streams. It was expected that P. zealandicus from pastoral stream would 
exhibit faster annual growth rates due to elevated water temperatures and 
therefore a longer period of time when growth could potentially occur. 
4.2 Methods 
4.2.1 Measurement of Growth 
In this study crayfish growth is expressed as annual percentage gain and absolute 
annual increment in orbital carapace length (OCL). Two measurements for 
growth were used as different methods can give quite dissimilar results (Lowery 
1988). Crayfish length was measured to the nearest 0.1mm with vernier calipers 
from the rear of the orbital socket to the middle posterior edge of the carapace 
(OCL) (Figure 2.8, Chapter 2). The orbital socket was chosen as the focal point 
rather than the tip of the rostrum (carapace length, CL) because the latter is 
flexible, small and hard to locate with calipers, especially at night. The rostrum 
may also be missing or damaged, making this focal point of measurement 
unusable on some crayfish. 
4.2.2 Marking and Identification of Crayfish 
To tag crayfish a visible implant elastomer liquid (Northwest Marine Technology 
Inc.), which when mixed with a hardener sets as a pliable solid, was injected into 
the tail tissue of each crayfish. To prevent tissue damage caused by blunt needles 
and to reduce the risk of possible transmission of the Thelohania parasite 
(commonly known as "whitetail"), needles were changed after every 20 crayfish 
and when moving to a new population. Crayfish that were obviously infected 
with Thelohania (porcelain coloured tissue visible in underside of tail) were not 
tagged. Eight points were identified on the underside of the tail for placement of 
tags, with each tag point representing a number. Using one or a combination of 
tags allowed for the identification of up to 255 individual crayfish of each sex in 
each study site (Figures 4.1A and 4.1B). 
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4.2.3 Comparison with Other Growth Studies 
In order to make comparisons with other studies, 37 crayfish were selected 
randomly from pastoral and native bush streams (ranging from 13.2-58.7mm 
OCL) to obtain a regression to describe the relationship between OCL and carapace 
length (CL). Previous research has involved the measurement of CL or weight to 
determine growth rates. However, in this study growth rate is described in terms 
of increase in length rather than dry weight because the latter would have 
required the sacrifice of a large number of individuals. Previous research has 
found that carapace length is a good estimator of weight (weight (mg) = 
0.0331 *carapace length3.1080, r2=0.982, p=0.0001, n=33) (Whitmore 1997). 
4.2.4 Crayfish Capture 
Crayfish were captured at each of the study streams in the late afternoon or 
evening during winter/spring (May 18th-October 17th) of 1996. Sampling for P. 
zealandicus was undertaken at this time of year as water temperature was low 
(average 6.5°C, range 3.9-9.6°C) and crayfish had stopped moulting. Canton Creek 
and Crayfish Creek are located in pastoral land in the Lee Creek catchment. 
Traquair Burn is located in the pastoral Traquair Burn catchment. MacRae's 
Creek, North Col Creek and Powder Creek are all located in the native bush 
catchment of Silverstream (see Study Site description, page 2.4, Chapter 2) . 
An electric fishing machine (EFM) and downstream stop net were used to capture 
crayfish in pastoral streams. Spotlights and hand nets were used to capture 
crayfish in the native bush streams where an EFM proved ineffective. After 
length measurement, sexing and evaluation for Thelohania infection, the 
crayfish were released into the approximate section of the stream from where 
they were captured. Capture for tagging ceased in early spring when soft-shell 
stage crayfish began to appear in the streams. 
In March 1997, fortnightly checks were made on the streams to determine the end 
of the growing season. Crayfish growth was determined to be finished by 24 April 
1997 as moulting or soft-shell stage animals were no longer found in the study 
streams. Recaptures were then undertaken using the same methods and 
sampling effort as in the initial tagging. 
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A 
B 
Figure 4.1: (A) Crayfish underside showing the position of placement for tags. 
Each tag corresponds to a number (shown in drawing). In this case it is crayfish 
number 255 (1+2+4+8+16+32+64+128=255) as there is a tag in every position. 
Using one or a combination of tags allows up to 510 crayfish (because males and 
females are distinguishable) to be identified in each stream. (B) Photograph of 
tagged crayfish under ultraviolet light. Tags are placed in positions 1, 4 and 32 
identifying this crayfish as number 37 (1 +4+32=37). 
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4.2.5 Stream Temperature 
Stream temperature data were collected for a single growing season (September 
1996 to September 1997; 365 days). At MacRae's Creek and Powder Creek (native 
bush streams) and Traquair Burn (pastoral stream), minimum-maximum 
thermometers were used to record stream temperature and these were checked at 
fortnightly intervals. Continuous digital recording thermometers (Ryan 
Corporation, Redmond, Washington) recorded stream temperatures at two 
hourly intervals at the other streams, Canton Creek and Crayfish Creek (pastoral 
streams) and North Col Creek (native bush stream). 
To estimate degree-days in streams with minimum-maximum thermometers, I 
used regressions between mean temperature (taken as the mid-point between 
fortnightly minimum and maximum readings) and the corresponding mean 
temperature (for the same fortnight period) in a paired stream with a continuous 
recorder. North Col Creek was used to determine degree-days in the other native 
bush streams (MacRae's Creek and Powder Creek). For Traquair Burn, Crayfish 
Creek was used for estimation of degree-days as both streams are at the same 
altitude and closer together than Canton Creek. 
4.2.6 Water Chemistry 
In October 1997 one water sample was taken from each stream for chemical 
analyses and compared with previous chemistry data from the Taieri catchment 
(unpublished data, Taieri and Southern Rivers Programme). Alkalinity values 
were determined in the laboratory by titration using standard procedures 
(American Public Health Association 1992). Calcium concentrations were 
determined with a standard curve using an atomic absorption 
spectrophotometer. Stream pH was determined in-situ at each site using a hand-
held pH meter (Cole-Parmer Instrument Company). 
4.2.7 Statistical Analyses 
Due to the differences in starting population size structures (see Table 4.1A), the 
annual growth data were grouped into Smm size classes before analysis. AsP. 
zealandicus grow slowly (Jones 1981b, Whitmore 1997), small size classes were 
selected to increase the ability to detect growth variation between streams. The 
effects of stream type (individual streams nested in pastoral or native bush), 
individual stream and initial crayfish size class on growth rate were assessed 
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using a nested ANOV A. To allow for a balanced ANOV A design, crayfish in size 
classes smaller than 14.9mm, larger than 35mm and from Canton Creek (where 
only crayfish sized 20-29.9mm OCL were recaptured) were ignored in the initial 
analysis. A second ANOVA was carried out for size classes 20-24.9mm and 25-
29.9mm; this also produced a balanced design and included crayfish from all the 
streams. Bonferroni post-hoc tests were applied to identify the source of any 
variation in the ANOV As. 
Growth measured as annual increment in OCL (mm) was log10 transformed 
before analysis. Growth measured as annual percentage gain in OCL was arc-sine 
square root transformed before analysis to satisfy the assumptions of normality 
and homoscedasticity (Zar 1984). 
Growth measurements in the 5-9.9mm and 10-14.9mm size classes (only crayfish 
from the pastoral Crayfish Creek and Traquair Burn) and the 40+mm size class 
(only crayfish from the native bush North Col Creek and Powder Creek) are 
presented descriptively. In the 35-39.9mm-size class (two crayfish from the 
pastoral site Traquair Burn and data from the three native bush streams, 19 
crayfish) are presented descriptively as the small sample size from the pastoral 
streams does not allow for a realistic analysis of growth rates. 
Crayfish with the Thelohania parasite were not included in the analysis above as 
previous research has indicated these have slower growth rates (Hopkins 1967a, 
Brewis & Bowler 1982, Hazlett & Rittschof 1985). Possible differences in growth 
rates between different size classes of P. zealandicus which developed "white tail 
disease" after tagging and non-parasitised animals were analysed by an ANOV A. 
4.3 Results 
4.3.1 Annual Growth 
All P. zealandicus showed a general trend of decreasing growth with increasing 
size (Table 4.1B & C, Figures 4.2, 4.3 and 4.4). In native bush streams P. 
zealandicus in the 15-19.9mm (OCL) size class had significantly greater annual 
percentage gain than those in the 25-29.9mm and 30-34.9mm (OCL) size classes 
(Bonferroni post-hoc test, p<0.001). In addition P. zealandicus sized 20-24.9mm 
(OCL) in the native bush streams, had significantly greater annual percentage 
gain in OCL than those in size classes 25-29.9mm (p=0.003) and 30-34.9mm (OCL) 
(p<0.001) (Bonferroni post-hoc tests). Also in native bush streams P. zealandicus 
TABLE 4.1: (A) Size class structure of starting populations of recaptured crayfish, (B) Annual increments and (C) Annual percentage gains 
in OCL for crayfish in each of the six study streams. Land use types are denoted as (P) pastoral and (B) native bush. Means ± 95% 
confidence intervals are given for crayfish matched in size classes. n is the number of P. zealandicus recaptured and used for the growth 
analysis for each size class. 
A Initial size class (OCL; mm) 
Study site r= 5-9.9 n= 10-14.9 n= 15-19.9 tn= 20-24.9 r= 25-29.9 n= 30-34.9 n= 35-39.9m n= 40+ 
(P) Canton f-1 23.5±0.8 f3 27.8±1.8 
(P) Crayfish ~ 8.7± 1.3 11 12.9± 0.7 16 17.5± 1.0 11 22.1±1.3 7 26.9±1.2 ~ 33.3±2.8 
(P) Traquair [2 8.2± 1.0 f3 12.1± 1.4 4 18.4± 0.7 11 22.7±1.1 11 26.8±0.7 11 $1.2±0.9 2 38.5±48 
(B) MacRae's 2 19.7± 1.1 10 22.5±0.9 12 27.1±1.0 f5 31.4±1.7 2 37.0±1.1 
(B) North Col 5 18.4± 0.5 ~ 21.4±1.0 f4 26.9±1.2 6 $1.4±1.1 4 37.5±1.1 4 44.2±4.7 
(B) Powder f3 19.6± 0.3 ~ 24.3±0.8 6 27.4±0.4 10 32.2±0.8 13 37.9±0.6 17 47.6±2.9 
B Annual increment in (OCL; mm) 
Study site n= 5-9.9 n= 10-14.9 tn= 15-19.9 In = 12.0-24.9 r= 25-29.9 n= 30-34.9 tn= 35-39.9 r= 40+ 
(P) Canton HH1±1.29 f3 6.1±2.49 
(P) Crayfish [2 4.6± 0.69 11 3.6± 0.65 16 4.4± 0.5 .7±0.75 7 2.7±1.07 [2 1.1±1.18 
(P) Traquair [2 3.2± 0.98 p 4.8± 0.64 f4 4.0± 1.0 .1±0.56 11 2.7±0.87 11 2.3±0.53 2 2.1±1.96 
(B) MacRae's [2 3.3± 2.16 10 f3.0±1.48 12 3.0±0.60 f5 3.5±1.88 2 2.1±1.86 
(B) North Col f5 5.5± 0.61 ~ f3.2±1.32 f4 3.7±1.09 6 3.7±1.30 4 3.2±0.81 4 2.5±0.80 
(B) Powder p 4.9± 0.69 ~ [2.9±0.83 6 3.7±1.25 10 3.6±0.85 13 3.3±0.49 17 3.1±0.50 
c Annual percentage gain in (OCL) mm 
Study site n= fS-9.9 n= 10-14.9 tn= 15-19.9 r= 20-24.9 n= 25-29.9 n= 30-34.9 r= 35-39.9 tn= 40+ 
(P) Canton ~ 20±4 f3 18±7 
(P) Crayfish 2 f35±4 11 ~2±3 16 20±2 11 18±2 7 9±3 [2 3±3 
(P) Traquair 2 t28±9 3 ~9±5 14: 18±4 11 15±2 11 f-1±3 11 7±1 2 5±4 
(B) MacRae's 2 14±8 10 11±5 12 f-1±1 5 10±5 2 f5±4 
(B) North Col 5 [23±2 8 13±5 4 12±3 6 10±3 4 8±1 4 ~±1 
(B) Powder 3 t22±3 5 10±5 6 12±4 10 10±2 13 8±1 17 6±1 
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Figure 4.2: (A) Mean annual increment and (B) mean annual percentage gain in 
OCL for eight size classes for pastoral and native bush streams. Error bars 
represent 95% confidence intervals. Significance levels denoted by a, p=0.03 and 
b, p=O.Ol. 
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Figure 4.3: Annual increment in OCL (mm) for P. zealandicus in each of the 
study streams in relation to initial size. Pastoral streams left hand column. 
Native bush streams right hand column. p values given for significant 
regressions only. 
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Figure 4.4: Annual percentage gain in OCL for P. zealandicus in each of the study 
streams in relation to initial size. Pastoral streams left hand column. Native 
bush streams right hand column. p values given for significant regressions only. 
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sized 15-19.9mm (p=O.OOl) and 20-24.9mm (p=0.009) (OCL) had significantly 
greater growth than those in the 30-34.9mm (OCL) size class when measured as 
annual increment gain in OCL (Bonferroni post-hoc tests). 
Annual increment in OCL (mm) (p=0.003) and annual percentage gain (p<O.OOl) 
in OCL differed significantly between size classes (Table 4.3 & 4.4). P. zealandicus 
in pastoral streams in the 15-19.9mm (OCL) size class had significantly greater 
annual percentage gains in OCL than those in the 20-24.9mm (p=0.06), 25-29.9mm 
(p=0.003) and 30-34.9mm (p=0.03) (OCL) size classes (Bonferroni post hoc tests). 
When measured as annual increment in OCL (mm) P. zealandicus in pastoral 
streams in the 15-19.9mm (p=O.OOl) and 20-24.9mm (p=0.009) (OCL) size classes of 
P. zealandicus grew faster than those in the 30-34.9mm (OCL) size class 
(Bonferroni post-hoc tests). 
The growth rate of P. zealandicus in different size classes was not consistent 
between stream types (native bush or pastoral) (annual increment (mm) Table 
4.2A, p=0.004, or annual percentage gain Table 4.2B, p=0.016). Bonferroni post-
hoc test showed that the 30-34.9mm crayfish size class from native bush streams 
exhibited significantly greater growth than those from pastoral streams when 
expressed as annual increment (mm) (p=O.Ol) (Figure 4.2A) or annual percentage 
gain (p=0.03) (Figure 4.2B). 
When pastoral Canton Creek was included in the analysis of the 20-24.9mm and 
25-29.9mm size classes, there were significant stream effects on annual increment 
(mm) (p=0.003) (Table 4.3A) and annual percentage gain in OCL (p<O.OOl) (Table 
4.3B). There was also a size class effect when growth was measured as annual 
percentage gain in OCL (p=0.023) (Table 4.3B). Annual increment in OCL (mm) 
for P. zealandicus at Canton Creek was significantly greater than all other study 
streams (pastoral or native bush, p<O.Ol3 in each case) (Figure 4.5A). Annual 
percentage gain in OCL was greater in P. zealandicus from pastoral Canton Creek 
when compared to the pastoral stream Traquair Burn (Bonferroni post-hoc test, 
p=0.025) and the native bush stream MacRae's Creek (Bonferroni post-hoc test, 
p<O.OOl) (Figure 4.5B) but not the pastoral stream Crayfish Creek and native bush 
streams, North Col and Powder Creek (Bonferroni post-hoc test, p>0.05) P. 
zealandicus (5-9.9 and 10-14.9mm OCL size classes) were only recaptured in 
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Figure 4.5: Paranephrops zealandicus annual growth (pooled 20-29.9mm OCL size 
class) measured as increment gain (mm) (A) and percentage gain (B). Mean ± 
95% confidence intervals given. a significantly greater than b (p=0.015), c 
(p<0.001), d (p=0.004), e (p<0.003) and f (p=0.05). Error bars with no letter above 
are not significantly different from crayfish from any other streams. 
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Crayfish Creek and Traquair Burn, both pastoral streams. P. zealandicus from 
Traquair Burn showed greater growth in the 10-14.9mm than in the 5-9.9mm 
OCL size class, while in Crayfish Creek the opposite trend was found (Table 4.1A 
& B). P. zealandicus in the 40+mm OCL size class was only found in North Col 
Creek and Powder Creek (both native bush streams). These crayfish showed 
reduced growth rates (annual increment (mm) and annual percentage gain in 
OCL) than the smaller size classes in these streams (Table 4.1A & B). 
Table 4.2: (A) Output for an ANOVA (stream nested in land-use) for annual 
increment in OCL (mm) of P. zealandicus in initial size classes 15-19.9mm, 20-
24.9mm, 25-29.9mm and 30-34.99mm OCL. P. zealandicus from Canton Creek not 
included in this analysis. 
Source d.f. F-ratio p- value 
constant 1 0.01828 0.9010 
land use 1 1.7409 0.2787 
stream 3 2.4 0.0707 
size class 3 4.8798 0.0030 
sex 1 0.46629 0.4959 
land use*size class 3 4.5881 0.0043 
land use*sex 1 0.14541 0.7036 
size class*sex 3 0.30225 0.8237 
land use*size class*sex 3 1.2932 0.2795 
error 132 
total 150 
4.3.3 Crayfish Recapture 
Recapture rates were lowest at Canton Creek (9%) and highest at Powder Creek 
(33%) (Table 4.4). In the initial sampling, pastoral streams had larger numbers of 
smaller crayfish and native bush streams tended to have more larger crayfish 
(Figure 4.6A). The recapture data showed the same pattern (Figure 4.6B); no 
crayfish smaller than 15mm were recaptured in the native bush stream and only 
two crayfish larger than 35mm were recaptured in the pastoral streams (Figure 
4.6A or B). 
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Figure 4.6: Frequency of occurrence of different size classes of P. zealandicus that 
were originally tagged in 1996 (A) and recaptured in 1997 (B). Data are pooled, in 
each case, for three pastoral streams and three native bush streams. 
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Table 4.2: (B) Output for an ANOV A (stream nested in land use) for annual 
percentage gain in OCL of P. zealandicus in initial size classes 15-19.9mm, 20-
24.9mm, 25-29.9mm and 30-34.99mm OCL. P. zealandicus from Canton Creek 
not included in this analysis. 
Source d.f. F-ratio p- value 
constant 1 1331.7 <0.0001 
land use 1 1.4502 0.3148 
stream 3 2.1558 0.0963 
size class 3 26.123 <0.0001 
sex 1 0.0228 0.8802 
land use*size class 3 3.5444 0.0164 
land use*size 1 0.79981 0.3728 
size class*sex 3 0.56272 0.6405 
land use*size class*sex 3 0.85377 0.4670 
error 132 
total 150 
Table 4.3: (A) Output for an ANOVA (stream nested in land use) for annual 
increment in OCL (mm) of P. zealandicus from all streams in initial size classes 
20-24.9mm and 25-29.9mm OCL. 
Source d.f. F-ratio p- value 
constant 1 0.13970 0.7275 
land use 1 0.58565 0.4868 
stream 4 1.43823 0.0028 
size class 1 1.1049 0.3525 
land use*size class 1 3.2328 0.1466 
stream*size class 4 1.0030 0.4106 
error 86 4.86894 
total 97 
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Table 4.3: (B) Output for an ANOVA (stream nested in land use) on annual 
percentage gain in OCL for P. zealandicus from all streams in initial size classes 
20-24.9mm and 25-29.9mm OCL. 
Source d.f. F-ratio p- value 
constant 1 337.89 <0.0001 
land use 1 0.7748 0.4284 
stream 4 5.2541 <0.0001 
size class 1 12.652 0.0236 
land use*size class 1 2.5337 0.1866 
stream*size class 4 0.0853 0.4774 
error 86 0.7520 
total 97 1.2474 
Table 4.4: Initial numbers of P. zealandicus tagged at each site in 1996, the 
numbers of individuals recaptured n, and percentages recaptured in 1997. Letters 
in parentheses indicate whether streams were pastoral (P) or native bush sites (B). 
Stream Initial n Recapture n Recapture(%) 
(P) Canton Creek 134 12 8.9 
(P) Crayfish Creek 251 49 19.5 
(P) Traquair Burn 241 44 17.5 
(B) MacRae's Creek 216 31 14.4 
(B) North Col Creek 200 32 16.0 
(B) Powder Creek 162 54 33.3 
4.3.2 Incidence of Disease 
During initial capture in 1996, Thelohania was present only in P. zealandicus 
from the native bush streams but not in those from the pastoral streams. The 
resampling for growth measurement in 1997 found one tagged crayfish with 
Thelohania in the pastoral Traquair Burn (Table 4.5). The diseased crayfish was 
removed from this stream and on subsequent visits no further crayfish were 
found with the parasite. Levels of parasitism in P. zealandicus in the native 
bush streams ranged from 6 to 11% (Table 4.5) and were only found in crayfish 
>20mm OCL. Presence of the Thelohania parasite in P. zealandicus did not 
significantly affect growth rate (annual increment (p=0.8174) or annual 
percentage gain (p=0.7653) in OCL (Figures 4.7 A & B, Table 4.6A & B). 
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Table 4.5: Number of P. zealandicus with Thelohania parasite, total number of 
crayfish sampled (1996-1997) and percentage parasitism for crayfish in each 
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(B) (B) (B) 
387 324 360 
27 19 39 
7 6 11 
Table 4.6: (A) Anova for annual increment in OCL (mm) for parasitised or non-
parasitised P. zealandicus from pooled native bush streams (MacRae's, North Col 
and Powder Creek) in initial sizes 20-54.9mm OCL. 
Source df F-ratio p- value 
constant 1 379.88 0.0001 
parasite status 1 005359 0.8174 
size class 5 1.1471 0.3414 
parasite status*size class 4 0.28946 0.8841 
error 93 
total 103 
Table 4.6: (B) Anova for annual percentage gain in OCL for parasitised or non-
parasitised P. zealandicus from pooled native bush streams (MacRae's, North Col 
and Powder Creek) in initial sizes of 20-54.9mm OCL. 
Source df F-ratio p- value 
constant 1 1831.30 0.0001 
parasite status 1 0.08966 0.7653 
size class 5 3.98720 0.0026 
parasite status*size class 4 0.35267 0.8416 
error 93 
total 103 
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Figure 4.7: Annual growth of parasitised (n=13) and non-parasitised (n=91) P. 
zealandicus in the initial size range of 20-60mm from native bush streams 
(MacRae's Creek, North Col Creek and Powder Creek) measured as annual 
percentage gain (A) and annual increment in OCL (mm) (B). 
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4.3.4 Growth Comparisons with Previous Studies 
To allow growth comparisons with other studies the relationship between OCL 
(used in this study) and CL measurements (used in previous studies) was 
determined by regression analysis (Table 4.7 A). 
Relationship between OCL and CL obtained by regression: 
OCL = 0.762CL- 0.315 (n=37, r2 = 0.996, p < 0.0001) (size range 13.2-58.7 OCL) 
P. zealandicus from native bush streams in this study had the largest annual 
increment in OCL (mm) compared with other studies on freshwater crayfish 
species in the initial 20, 30 and 40mm OCL size classes (Table 4.7B). In pastoral 
streams, P. zealandicus had the fastest growth in the 10mm initial OCL size class 
but declined in growth rate with increasing size and exhibited the slowest growth 
for any study or species in the 40mm OCL size class (Table 4.7B). Across a variety 
of species and studies, crayfish have shown a trend for slower growth with 
increased size. The one exception was for aquarium reared P. planifrons which 
showed greater growth with increasing size (Table 4.7B). 
4.3.5 Stream Temperature 
The pastoral streams showed a greater range of temperatures throughout the 
year, with highest temperatures recorded in December-January and lowest 
temperatures in July-August (Figure 4.8). The native bush streams were less 
variable with highest temperatures in February and lowest in August-September 
1997 (Figure 4.8). Minimum water temperatures for the period September 1996-
1997 were similar among stream categories (although Canton Creek was lower) 
but maximum temperatures were higher in pastoral (15.4-18.7°C) than native 
bush streams (13.0-13.7°C) (Table 4.8) (Figure 4.8). 
Regression equations for fortnightly mean temperature derived from continuous 
recorders (y) against minimum-maximum thermometers (x) for the equivalent 
fortnightly periods, are as follows: 
y (North Col Creek)= 1.124x (Powder Creek) -1.049 
y (North Col Creek)= 1.180x (MacRae's Creek)- 1.518 
y (Crayfish Creek) = 1.043x (Traquair Burn) - 0.028 
(n=26, r2 = 0.83) 
(n=26, r2 = 0.93) 
(n=26, r2 = 0.95) 
Table 4.7: Comparison of current results with published data for combined sexes. (A) Mean growth regression 
equations for freshwater crayfish species taken from literature and adjusted to OCL (mm) verses annual 
increment (mm). (B) Mean annual increment (mm) for freshwater crayfish of various species with starting OCL 
of 10, 20, 30 and 40mm. 
A 
Author Species Study area Initial regression Adjusted Regression 
This study (bush) Paranephrops zealandicus Native bush streams y= -0.041x + 4.91, rL.=0.33 
This study (pastoral) Paranephrops zealandicus Pastoral streams y= -0.097x + 5.68, rL.=0.23 
Whitmore (1997) Paranephrops zealandicus Native bush stream y= -0.038x + 4.391 y= -0.031x + 3.366, rL.=O.ll 
Jones (1981) Paranephrops zealandicus Aquarium y= 0.99x + 2.84 y= -0.010x + 2.84 
Jones (1981) Paranephrops planifrons Aquarium y= 1.02x + 1.49 y= 0.020x + 1.49 
Hopkins (1967) Paranephrops planifrons Pastoral stream y= -0.6 + 1.28x- 0.06x2 y= -0.030x + 3.12 
Flint (1975) Pacifastacus leniusculus Lake y= 2.452 + 0.99x y= -0.007x + 2.45, rL.=0.99 
Shimizu & Goldman (1983) Pacifastacus leniusculus River y= 2.43 + 0.99x y= -0.004x + 2.43, r:2.=0.99 
B 
Initial This study. This study. Whitmore. Jones (1981) Jones (1981). Hopkins Flint (1975). Shimizu & 
OCL Native bush Pastoral (1997) Native Aquarium Aquarium. (1967). Lake. Goldman. 
(mm) streams stream bush stream P. zealandicus P. planifrons Pastoral P. leniusculus (1988) River. 
P. zealandicus P. zealandicus P. zealandicus streams. P. leniusculus 
P. planifrons 
10 4.50 4.71 3.06 2.74 1.69 2.82 2.38 2.39 
20 4.09 3.74 2.75 2.64 1.89 2.52 2.31 2.35 
30 3.68 2.77 2.44 2.54 2.09 2.22 2.24 2.31 
40 3.27 1.80 2.13 2.44 2.29 1.92 2.17 2.27 
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Figure 4.8: Mean, minimum and maximum temperature for each of the study 
streams, September 1996-1997. P = pastoral and B = native bush streams 
Horizontal line represents the 10°C minimum required for growth to occur. 
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Table 4.8: Annual mean, minimum and maximum water temperatures (°C), for 
each of the study sites. P = pastoral and B = native bush streams. 
Stream Can (P) Cra (P) Tra (P) Mean (P) Mac (B) Nor (B) Pow (B) Mean (B) 
Minimum 0.4 1.0 1.2 0.5 1.0 1.0 1.3 1.1 
Mean daily 7.6 7.6 7.9 7.7 7.1 7.3 7.2 7.2 
Maximum 17.6 18.7 15.4 17.2 13.7 13.0 13.4 13.4 
There was no significant difference in total degree-days between stream types but 
degree-days were generally higher in pastoral streams (t-test, t=-4.831, d.f. 4, 
p=0.08) (Figure 4.9A). However, the average number of degree-days when water 
temperature was 10°C or greater was significantly higher in pastoral streams (t-
test, t=5.129, d.f. 4, p=0.01) than in the native bush streams (705 compared to 1166 
degree days, respectively) (Figure 4.9B). The 10°C threshold for growth was 
chosen as previous studies suggested this was the minimum temperature 
required for P. zealandicus growth (Whitmore 1997). 
4.3.6 Water Chemistry 
Calcium concentrations were significantly higher in the native bush streams 
compared to the pastoral streams (t-test, t = 13.532, d.f. 4, p=0.002) (Table 4.9). 
Pastoral streams were significantly more acidic than native bush streams (t = 
2.928, d.f. 4, p=0.042) (Table 4.9). In comparison the mean pH in this study is 
lower in Lee Stream catchment (Canton Creek and Crayfish Creek) and higher in 
Silverstream catchment (MacRae's Creek, North Col Creek and Powder Creek) 
than that previously recorded in these catchments (Table 4.10). No data is 
available for the Traquair Burn catchment. The range of pH values for 
Silverstream in this study was within that previously recorded. However, for the 
Lee Stream catchment the minimum pH was somewhat less than previously 
recorded (Table 4.10). Stream alkalinity (mg/1 CaC03) was significantly higher in 
the native bush streams (t=7.692, d.f. 4, p=0.002). Values ranged from 47 to 59 
(average 55) for native bush streams, while pastoral streams ranged from 20 to 25 
(average 21.7) (Table 4.9). The one off samples taken from each stream had larger 
means and greater ranges of values in comparison to previous stream alkalinity 
levels reported in similar streams from the Taieri catchment (Table 4.10). 
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Figure 4.9: Total number of degree days (A) and degree-days when water 
temperature was 10°C or greater (B) for each study site (September 1996-1997). 
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Table 4.9: Physical description, pH, alkalinity and calcium for one-off samples 
from each study site and mean for land use type in October 1997. P = pastoral 
streams and B = native bush streams. 
Stream Canton Crayfish Traquair Mean MacRae's North Powder Mean 
(P) (P) (P) (P) (B) Col (B) (B) (B) 
Length (m) 350 270 240 287 250 320 380 317 
Mean width 1.6 1.4 1.4 1.5 1.9 2.1 2.4 2.13 
(m) 
Altitude (m) 520 560 560 547 100 200 120 140 
pH 6.9 6.4 6.5 6.6 7.8 7.0 8.0 7.6 
Alkalinity 20 25 20 21.7 59 47 59 55 
mg/1CaC03 
Calcium 1.9 3.5 2.5 2.6 12.4 14.7 13.8 13.6 
(mg/1) 
Table 4.10: pH and alkalinity recordings (1990-1994) in Lee Stream and 
Silverstream catchments and the present study. Canton Creek and Crayfish 
Creek are in the Lee Stream catchment. MacRae's, North Col and Powder Creek's 
are in the Silverstream catchment. No data is available for Traquair Burn which 
falls in the Traquair Burn catchment. Unpublished data, Taieri and Southern 
Rivers Programme. 
1990-1994 This study 1990-1994 This study 
Catchment Lee Stream Lee Stream Silverstream Silverstream 
Alkalinity (mean) 14.9, n=13 22.5, n=2 38.2, n=13 55, n=3 
Alkalinity (range) 10-22 20-25 14-65.5 47-59 
pH (mean) 7.15, n=16 6.65, n=2 7.18, n=16 7.6, n=3 
pH (range) 6.68-7.68 6.4-6.9 6.25-8.13 7.0-8.0 
4.1 Discussion 
4.4.1 Annual Growth 
Crayfish of all sizes m this study showed considerable variation in annual 
increment in OCL, as reported in other crayfish populations (Hopkins 1967a, 
Jones 1981b, Merrick 1993, Whitmore 1997) (Figure 4.3). However, when the data 
are presented as annual percentage gain in OCL there is a negative linear trend in 
growth rate with increased size of crayfish in both land-use types (Figure 4.4). 
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Although growth rates were similar for smaller size classes of P. zealandicus 
from both land-use types, it was unexpected that growth rates of larger P. 
zealandicus would be faster in the native bush streams (Figure 4.2) given the 
original hypotheses. P. zealandicus from Canton Creek exhibited the fastest 
annual growth for any stream irrespective of land-use (Figure 4.5A & B). It 
remains unclear as to why P. zealandicus from Canton Creek exhibited faster 
growth than the other pastoral land-use streams. Further research into factors 
influencing crayfish growth is needed to fully explain this unexpected result. 
When compared with previous research, growth rates in both stream types in 
this study were faster in the 10mm, 20mm and 30mm OCL classes than those 
reported elsewhere for P. zealandicus, P. planifrons and P. leniusculus (Hopkins 
1967a, Flint & Goldman 1977, Jones 1981b, Shimizu & Goldman 1983, Whitmore 
1997). This result was unexpected asP. zealandicus growth has been described as 
among the slowest reported for freshwater crayfish species (Whitmore 1997). 
However, few other published papers provided information on environmental 
factors affecting growth (e.g. if water temperature was much warmer or colder 
than average during a particular study then growth rates would be affected), and 
therefore may present an inaccurate picture of "normal" growth for a species. 
4.4.2 The Influence of Temperature on Growth 
Freshwater crayfish are unable to moult below characteristic minimum 
temperatures which vary between species. Lodge & Hill (1994) noted that 
minimum temperatures are usually in the range of 8-10°C, while Geddes & 
Smallridge (1994) reported that a minimum temperature of 13°C was needed for 
growth of Cherax destructor. Whitmore (1997) reported 10°C as the growth 
threshold for P. zealandicus. Therefore, annual degree days in the present study 
were calculated for the number of days when average water temperature was 
greater than 10°C. The mean number of degree days for pastoral streams was 
significantly higher than native bush streams. This equates to an average of 97 
days in pastoral streams and 64 days in native bush streams when growth could 
have occurred. The 10°C minimum used to estimate possible days of growth in 
P. zealandicus may be high given the small number of days growth could have 
occurred but it does allow for a balanced comparison between streams within 
different land usage. As temperature is described as the primary determinant of 
growth (Lodge & Hill 1994, Amistacio & Marques 1995, Musgrove & Geddes 1995) 
P. zealandicus in the native bush streams might have been expected to show 
smaller annual increments in all size classes. 
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The lack of a significant difference in total annual degree-days may seem 
surprising given the constant heavy shading provided by the riparian canopy in 
the native bush streams and that pastoral streams receive approximately 10 times 
as much incidental light (Quinn et al. 1997b ). However, pastoral streams were at 
a higher altitude (Table 4.9), where temperatures are expected to be lower (Young 
1992). This may account for the limited effect of land use on temperature regimes 
in these streams. The open pastoral streams showed greater stream temperature 
variation, as assessed by differences in maximum and minimum temperature 
than the heavily shaded native bush streams (Table 4.8). The continuous 
temperature recorders give precise temperature recordings but the minimum-
maximum thermometers are less reliable. If stream water temperature was 2°C 
for 12 days and rose to 10°C for the last two days of a sampling period the average 
temperature would be recorded as 6°C, which is artificially high. Young (1992) 
observed that using the minimum-maximum thermometers yielded higher 
estimates for degree-days than continuous recorders. In general, the estimates 
from minimum-maximum thermometers (using the method to calculate degree-
days described in this study) are within the range derived from the continuous 
recorders but should be treated with caution. 
4.4.3 Relationship of Growth to Water Chemistry 
Mean alkalinity was lower in the pastoral than native bush streams as reported 
previously for streams in the Taieri catchment (Young et al. 1994, Townsend et al. 
1997). A positive relationship between alkalinity and biomass/production has 
been reported for stream invertebrates (Krueger & Walters 1983, Huryn et al. 
1995) and high levels of alkalinity provide a buffering effect against low pH. 
Consequently, calcium, alkalinity and pH may influence patterns of growth in 
the freshwater crayfish. 
The higher alkalinity and by association calcium concentrations in the native 
bush streams may be attributable to weathering of the basalt in the Silverstream 
catchment. The main mineral of basalt is feldspar (CaAhSi208) which is water 
soluble and present in the upper reaches of the native bush streams but not the 
pastoral streams (David Craw, pers. comm.). This may explain the lack of large 
crayfish in pastoral streams as larger individuals would be expected to use more 
calcium to complete ecdysis than smaller crayfish. Capelli & Hamilton (1983) 
suggested that below a critical concentration of calcium (dependent on species) 
crayfish could not survive. Jay & Holdich (1981) suggested that a minimum of 5 
mg Ca/1 was required for growth in crayfish. However, it seems that New 
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Zealand freshwater crayfish species are able to tolerate low calcium 
concentrations as P. planifrons is found in West Coast streams with negligible 
calcium water content (Collier et al. 1990). The pastoral streams in this study all 
had calcium levels lower than 5 mg/1 but still supported large populations of 
crayfish. In these streams it seems that calcium concentrations may act as a factor 
that limits growth rate or maximum size achieved rather than as a determinant 
of the presence or absence of P. zealandicus. 
Stream pH was significantly lower in the pastoral streams than in the native 
bush streams, although previous measurements from the study streams have 
found similar pH levels between the catchments. France (1993) reported that 
crayfish are extremely sensitive to acidification, with many cool-water crayfish 
being sensitive to stream pH levels less than 6.0. Jay & Holdich (1981) found 
Austropotamobius pallipes to inhabit streams with pHs between 7.0 and 9.0 while 
in the present study P. zealandicus occurred in streams with pH between 6.4 and 
8.0. However, Orconectes virilis is able to tolerate pH as low as 4.0 in streams 
(Malley 1980) and 4.8 in lakes (France 1983). Ball (1987) found a disparity in 
tolerance of low pH levels between populations of Paranephrops. Collier et al. 
(1990) reported intraspecific variation in acid tolerance in New Zealand 
invertebrate and fish species which enabled them to exploit a broad range of 
physicochemical regimes. 
Crayfish in streams with a low pH tend to have less rigid carapaces (France 1993) 
and lower calcium contents (Raddum & Steigen 1981, France 1983). Malley (1980) 
reported that crayfish calcify at a slower rate in streams with lower pH and 
suggested that a drop in ambient stream pH of 0.3 to 0.5 units would reduce 
crayfish size and change population structure. In the present study, the 
maximum differences in measured stream pH between land-use types was 1.6 
units. While France (1983) found no difference in crayfish growth with varying 
pH, he noted that small crayfish are vulnerable to predation at all life stages 
whilst large crayfish are usually only vulnerable during a moult. If the pH and 
calcium values measured in this study are typical of conditions generally in the 
native bush and pastoral streams in the Taieri catchment, then the lower pH and 
calcium concentrations in the pastoral streams could lead to a longer period spent 
in the soft-shell stage, rendering large crayfish more vulnerable to predation or 
cannibalism than their native bush counterparts. 
Although water chemistry will vary over time in stream systems the results from 
one-off 'spot' samples for alkalinity are similar to previous data from these 
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streams in the Taieri. pH values showed greater variation between native bush 
and pastoral streams than previously recorded, but are consistent with expected 
differences due to the alkalinity and calcium values recorded. In summary the 
results are consistent with the hypothesis that water chemistry (along with 
temperature) may be an important factor in determining variation in rate of 
growth between crayfish from the different land-use types. 
4.4.4 Effects of Thelohania on Growth Rate 
No detectable difference in growth between healthy and Thelohania-infected 
crayfish was found in this study. This is in contrast to the results of Brewis & 
Bowler (1982) who reported lower growth rates in Austropotamobius pallipes 
infected with the parasite. Crayfish in the latter stages of infection are 
distinguishable by the porcelain coloured muscle tissue in the underside of the 
tail, which is not visible in newly infected animals (Alderman & Polglase 1988). 
Therefore, crayfish in the early stage of infection may not have been detected and 
the parasite could have been transmitted to healthy animals via the tagging 
needle in this study. Equally, crayfish may have ingested Thelohania spores or 
eaten infected tissue from a dead crayfish after the tagging. It is not possible to 
determine how long crayfish in this study have carried the parasite. Perhaps 
significant differences in growth related to the Thelohania infection would have 
been detected in the present study if the populations had been monitored for a 
more extended period. 
France (1983) reported a greater incidence of the parasite Thelohania in 
populations of Orconectes virilis in lakes with lower pH. The author suggested 
that lower pH led to thinner carapaces, a greater incidence of cannibalism and 
hence the more widespread occurrence of the parasite in some lake populations. 
In this study, P. zealandicus were quite commonly infected with Thelohania in 
native bush streams, which had higher pHs, whilst in the pastoral streams only 
one crayfish (Traquair Burn) was found to contain the parasite. Therefore, based 
on available water quality data, it appears that some factor other than pH is 
responsible for the high incidence of parasitism in the native bush streams. As 
needles (used for tagging) were changed after every twenty crayfish and between 
different populations of crayfish, it is unlikely that needles were the vector 
responsible for transmission of the Thelohania parasite to Traquair Burn. 
Possible vectors of the Thelohania spores include dip nets and waders that were 
used in all streams. While the transmission method is uncertain the finding of a 
diseased (tagged) animal in Traquair Burn highlights the need for care to be taken 
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when working with animals from different locations. The infected crayfish was 
removed from Traquair Burn and on subsequent visits no further crayfish were 
found to contain the parasite. 
4.4.5 Population Structure 
Pastoral streams had large numbers of small ( <15mm OCL) and few large crayfish 
in comparison to native bush streams. Whitmore (1997) suggested that hand 
netting (as used here in the native bush streams) underestimated the number of 
small (<18mm CL, 13.4mm OCL) crayfish in a population. Rabeni et al. (1997) 
found that electric fishing (as used in pastoral streams) collected a larger 
proportion of smaller crayfish and larger total numbers of crayfish than hand or 
quadrat sampling methods. While smaller crayfish are extremely cryptic, in this 
study extensive rock turning in the native bush streams failed to reveal 
appreciable numbers of small crayfish as found in the pastoral streams. The lack 
of small P. zealandicus in the native bush streams may be related to the presence 
of eels, brown trout and shags in these streams. All of these species are known to 
predate freshwater crayfish (Shave 1991, Jansma 1995), so the skew in the 
population towards larger crayfish may partly reflect the attainment of a critical 
size where these predators are no longer a threat. Large P. zealandicus are 
frequently seen wandering out in the open during daylight hours despite the 
presence of visually feeding trout whilst smaller crayfish remain undercover 
(pers. obs.). A combination of a bias caused by different fishing methods and the 
effects of large predators may be responsible for the observed differences in 
population structure between stream types in this study. 
4.4.6 Other Factors Affecting Growth 
Lodge & Hill (1994) suggested that when physicochemical factors are within 
acceptable levels, competition for habitat, food and predation are most likely to 
limit crayfish productivity. Previous researchers have reported that crayfish 
exhibit faster growth in more complex habitat (Hopkins 1967a, Abrahamsson & 
Goldman 1970). In the present study, native bush streams had more pool 
sections, were wider and had larger amounts of coarse substrate, providing more 
refugia for crayfish (pers. obs.). However, in the pastoral streams, crayfish often 
burrowed into stream banks to find shelter and this may have increased the 
amount of refugia available. Lodge & Hill (1994) suggest that density is an 
important determinant of growth rates, as was found for Cherax tenimanus 
which exhibited greatest growth at low densities (Morrissy 1975). Although 
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similar numbers of crayfish per unit effort were caught in the present study in 
1996 and 1997 no measure of density was taken. Therefore, density-dependent 
factors may also have played a role in the variation in growth rates observed in 
this study. 
4.4.7 Conclusions 
In an ideal study of the influence of land use on crayfish ecology, each stream 
would be located in a different subcatchment. In the present case, potential study 
streams in the Taieri drainage were limited because only relatively few contain 
crayfish. The native bush sites are all tributaries of the Silverstream catchment 
and therefore represent a restricted range of circumstances. However, they are 
typical of streams with native bush riparian margins, the majority of which are at 
low altitude. The pastoral sites are better replicated, being located in two sub-
catchments of the Taieri catchment and are representative of higher altitude 
pastoral land-use streams. However, any attempt to generalise from these results 
to predict patterns of land-use impacts should be treated with caution. There 
were land-use differences in growth rate, but only for large crayfish in this study. 
Differences in abiotic variables, in particular water quality and temperature, 
measured between land usage in this study partly explain the growth patterns 
observed in P. zealandicus. A better predictive model of crayfish growth would 
need to include a larger range of abiotic (e.g. refuge availability and dissolved 
oxygen) and biotic variables (e.g. predation, competition and measures of food 
quantity) (for a review see Lodge & Hill 1994) to explain more fully the growth 
patterns observed here. 
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Appendix 1: Number of individuals ingested whole in autumn, winter, spring 
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F~LY: roE~CENTROPODIDAE 
Pa1Hp1ectrapus spp. 
Hyarobiasella spp. 
PHYLUMo ACARI 
CLASS: ARACHNiDA 
Acarina spp. 
PHYLUM: BACILLAR!OPHYTA 
ORDER CENTRALES 
Actinastulml spp. 
PHYLUM: NEMATODA 
Unidentified spp. 
TERRESTRIAL 
CLASS: ARACHNIDA 
Unidentified spp. 
ORDER: LEFIDOPTERA 
U1tidentified spp. 
AUTUMN 
Pastoral Native 
12 
3 
4 
2 
22 
WINTER 
Pastoral Native 
2 
2 
17 
18 
2 
SPRING 
Pastoral Native 
6 
2 
2 
1 
1 
2 
2 
3 
2 
4 
19 
2 
SUMMER 
Pastoral Native 
2 
1 
21 
4 
2 
